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ABSTRACT 
Corrosion, the destructive result of a chemical reaction between a metal or metal alloy 
and its environment in sour systems (H2S dominant) has progressively become a greater 
concern to the oil and gas industry as a result of production from increasingly sour 
environments. In this study, the effects of the principal H2S corrosion product, iron 
sulfide, on the corrosion resistance of alloy steel were initially investigated, followed by 
the study of the corrosion behavior of alloy steels in the presence of elemental sulfur, 
which is often present in sour systems. A new experimental method was applied to 
synthesize the iron sulfide layer on the steel surface with no H2S in the environment. 
Attempts were also made to develop an accurate computational model to predict the 
corrosion rate of alloy steel in various environmental conditions.  
A series of experiments was performed to study chloride concentration, temperature, 
immersion time and pH effects on the corrosion behavior of alloy steel in the simulated 
sour environment. Various analyzing methods, such as scanning electron microscopy and 
X-ray diffraction, were applied to investigate the results which suggest that each factor 
can significantly affect the electrochemical behavior of alloy steel, especially in the 
presence of H2S corrosion products. The corrosion of alloy steel in the presence of 
elemental sulfur was also studied using the cyclic polarization technique.  In general, it 
was shown that the presence of deposited layers of elemental sulfur on the surface of 
13% Cr steel will increase the corrosion rate by decreasing the scaling tendency of 
corrosion products on the surface, especially at higher temperature.  
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The experimental data were analyzed and used to develop an analytical model to show 
the effects of corrosion products, chloride concentration, pH and temperature on the 
likelihood of corrosion of 13% chromium steel. 
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1. INTRODUCTION 
1.1. Background 
The worldwide demand for petroleum is growing tremendously and this drives the oil and 
gas industry to exploit the remaining crude oil and natural gas reserves. According to the 
International Energy Agency, 70% of crude oil and 40% of natural gas reserves are 
defined as having a high content of organosulfur compounds which cause “reservoir 
souring”[1, 2]. This phenomenon is known to decrease the value of exploitation and 
production assets, increase operational costs and, at worst, result in the shutdown of wells 
due to the severe impacts of corrosion [3]. In 2008, internal corrosion was the cause of 
26% of sour gas incidents in Alberta. Also in 2010, 64% of pipeline incidents on sour gas 
pipelines in British Columbia were the result of internal corrosion [4]. 
Crude oil corrosivity problems have been studied since the 1950s, mostly because of their 
severity and economic impacts on production and refining operations; however, without 
taking into account the progress made in understanding the role of different parameters 
on the corrosion process, modern scientific society cannot yet give exact answers 
enabling the understanding and prediction of petroleum corrosivity [5]. Various problems 
are encountered in the process of production and refining of sour crudes and corrosion is 
called as a major one. The costs of lost time, the replacement of construction materials, 
and the constant personnel involvement in corrosion control are essential. If these are not 
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controlled, the results can be fatal. The construction materials, uniqueness in refining, 
transportation, operation conditions and the petroleum mixture, especially the frequent 
variation in crude or blend oil transported or processed, increase the problem of 
correlating corrosion of a facility to a certain type of crude oil. Additionally, a wide 
variety of parameters, such as sulfur content, water content, presence of carbon dioxide 
and hydrogen sulfide, velocity, temperature and pressure influence the crude corrosion 
process. Some of those parameters, for instance carbon dioxide, affect the general 
corrosion of steel, whilst hydrogen sulfide is more localized and can cause sulfide stress 
corrosion cracking, hydrogen embrittlement, hydrogen induced cracking or stress 
orientated hydrogen induced cracking which are all localized corrosion. Although, 
hydrogen sulfide will not necessarily cause a proportional increase in the general 
corrosion rate, but rather will make susceptible materials prone to catastrophic failure [6]. 
Generally both CO2 and H2S are acid gases that are produced in the hydrocarbon phase 
which can render the associated water (condensed or formed) corrosive and lead to severe 
degradation. Each of these gases occurs naturally in some of the producing reservoirs or 
may result from external contamination of the reservoir, such as in the case of reservoir 
souring that may result when seawater is injected for secondary recovery or with the use 
of gas injection for reservoir pressure maintenance. Corrosion resulting from each of 
these two acidic gases has unique characteristics and, as a result, has received 
considerable industry attention, both to understand the corrosion mechanisms associated 
with the particular acid gas and the options available to mitigate the resulting corrosion 
[7]–[12].  Selection of materials to combat corrosion relies mainly on the type of 
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corrosion anticipated (e.g. whether general or localized), the confidence in predicting the 
rate and type of corrosion, risk of failure and life cycle cost. While the primary concern in 
selection of materials in systems containing H2S is sulfide stress cracking (SSC), the 
issue of corrosion should not be underestimated.  
There is ongoing research to investigate the effects of hydrogen sulfide on the corrosion 
process in a hydrocarbon environment [13]. Nonetheless, review of related literature has 
highlighted a gap in knowledge of a model to predict the internal corrosion rate of sour 
gas pipelines. To fill this gap, a prediction model should be developed to help in reducing 
the internal corrosion rate, optimizing the lifetime and in making decisions about material 
selection.  The developed model provides a decision-making tool for material selection, 
which can accurately predict and determine the internal corrosion rate in the presence of 
hydrogen sulfide corrosion products. The model should be able to predict the influences 
of dissolved corrosion products, temperature, pH, and chloride concentration on the 
internal corrosion rate of Corrosion Resistant Alloys (CRAs). 
1.2. Relevance of Project to Newfoundland and Labrador's Ocean Industries 
The offshore oil and gas industry is of critical importance to the Newfoundland and 
Labrador economy [8]. One of the most productive oilfields in Newfoundland and 
Labrador is the Terra Nova oilfield. This oilfield is situated on the Grand Banks, about 
350 kilometers east-southeast of St. John’s, Newfoundland and 35 kilometers southeast 
of the Hibernia Oil Field. Terra Nova’s life-of-field production is estimated at 
approximately 516 million barrels, with production from the Graben, East Flank and Far 
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East blocks [14]. In May 2011, Steve Williams, Suncor’s chief operating officer, said that 
Suncor Energy, the operator of the Terra Nova oilfield, is dealing with sour gas problems 
at some of its production wells off Newfoundland and Labrador. A few month later, Rick 
George, Suncor president and CEO, during a conference call with analysts said: “What 
we’ve done is shut down the affected wells and the facilities in which we were testing 
H2S while we developed a mitigation plan” [15]. The shutdown of some wells at Terra 
Nova cut the oilfield’s total production in half during the first three months of the year 
and the total production dropped 49 percent to 4 million barrels of crude [14]. 
The Terra Nova facilities production supply and offloading (FPSO) was designed 
specifically for the North Atlantic environment, which includes ice-reinforcement and a 
global dynamic positioning system. This system allows the vessel to position itself for 
more favorable wave headings. There are more than 40 kilometers of flexible pipe that 
convey hydrocarbons between the wells and the vessel [16]. As a result of the literature 
review of similar cases in other provinces, described in the introduction, it is observed 
that these pipelines are extremely vulnerable to internal corrosion and consequently, 
failure, due to the reservoir souring process. 
H2S dissolves in water to form acid solutions that are corrosive to stainless steel. The 
corrosion rate is influenced by a number of complex factors, including water phase 
composition (acid gases content and dissolved minerals), temperature, flow regime, flow 
velocity, and the condensation rate from the vapor phase [17]. In the wells which are 
facing with reservoir souring in the Terra Nova field, it is expected that the corrosion 
mechanism in pipelines is primarily due to the presence of H2S and its corrosion 
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products. This can cause, in steel, hydrogen induced cracking and sulfide stress corrosion 
cracking [18]. In harsh environments, corrosion remains a key obstacle to sustaining 
operational success in hydrocarbon production and its continued occurrence affects the 
economy and has consequences for the safety of people and the integrity of facilities [5]. 
A central element in the design of facilities and corrosion mitigation is the correct choice 
and deployment of materials which are both economical and suitable to provide 
satisfactory performance over the design life [16]. This project deals with a prediction 
model for the internal corrosion in sour gas pipelines to predict the corrosion profile in 
pipelines and help making informed operational decisions to prevent unsafe conditions 
while maintaining the profitability of offshore oil facilities. The development of the 
proposed prediction model for internal corrosion in sour gas pipelines will benefit the 
province of Newfoundland and Labrador by promoting inherently safer processing of 
natural resources in a cost-effective manner. 
1.3. Knowledge and technological gap:  
The corrosion of various steel, by H2S containing media has been investigated since the 
1940s [19]. Recently more attention has been focused on the corrosion of alloy steels 
such as molybdenum and chromium steels because of their wide application in the oil and 
gas industry, especially in an H2S containing environment [8], [20]–[24]. The 
understanding, prediction, and control of H2S corrosion of alloy steels are some of the 
key challenges for oil and gas production. With regard to this matter, many researchers 
have studied the H2S corrosion mechanism with a special emphasis on the importance of 
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the electrochemical corrosion mechanism [25]. Despite the relative abundance of 
experimental data on H2S corrosion, most of the literature is still confusing and 
contradictory, due to the complexity of the H2S corrosion mechanism. One of the most 
persistent and complex aspects of the corrosion mechanism is corrosion products 
analysis, which should be purposed to identify the corrosion mechanism. Comprehensive 
investigation of corrosion products is the key to develop prediction models of the 
corrosion rate in an H2S containing environment. Even small changes in experimental 
conditions can lead to various corrosion products, which have been investigated in 
numerous studies. It is important to note that, in contrast to one single type of iron 
carbonate formed in CO2 corrosion, many types of iron sulfide, FeS, may form during 
H2S corrosion, such as amorphous ferrous sulfide, mackinawite, cubic ferrous sulfide, 
smythite, greigite, pyrrhotite, troilite, pyrite, and marcasite [10], [26]–[30]. It has been 
reported that the evolution of H2S corrosion products on the steel surface progresses from 
iron-rich to sulfur-rich phases in oxygen-free solution [31]. Mackinawite is formed by 
both solid-state and precipitation processes, whereas cubic FeS and troilite are the 
subsequent phases on an iron surface exposed to saturated aqueous H2S at 21°C and pH 4 
[32]. Multilayer corrosion product films have been investigated in a CO2/ H2S 
environment, and iron sulfide films have been found to cause a substantial rate reduction 
[33]. Mackinawite cracking leads to the nucleation of other types of iron sulfides and 
under different conditions [34], however, detailed studies on the effect of those products 
on the corrosion resistance of alloy steel are still insufficient. It has been reported that the 
protective thin iron sulfide film could be formed at the steel surface via solid-state 
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formation, resulting in a lower corrosion rate in the presence of trace amounts of H2S 
[35].  Some reports have mentioned that this thin sulfide film might be mackinawite 
(FeS1-x) [25], [35]–[37]. Hence, providing direct evidence that confirms the existence of 
thin mackinawite film on the alloy steel surface is one of the main goals of this study. In 
this study, sour corrosion is considered as a series of corrosion mechanisms that are 
defined by the formation of a type of FeS.  An investigation has reported that there are 
three types of FeS that are commonly found in oilfield corrosion; these are pyrite, 
pyrrhotite and mackinawite [38]. Pyrite, an ordered solid solution of FeS and elemental 
sulfur, is found only when elemental sulfur is present in the system. Pyrrhotite is a non-
stoichiometric form of FeS that forms in most sour environments. Mackinawite is a semi-
stable form of FeS that forms under the special conditions of low H2S activity in the 
environment, which will be referred to herein as slightly sour. This research deals with 
the condition where mackinawite is found, the chemistry of mackinawite formation and 
the impacts that mackinawite formation has on the corrosion rates. The corrosion 
mechanism for higher H2S environments, where pyrrhotite is produced, has been reported 
elsewhere [25], [39], [40] 
Beside the importance of investigation of iron sulfide, another substantial and common 
deposited corrosion product in oil and gas pipelines is elemental sulfur. The primary 
source of elemental sulfur in sour gas wells is the oxidation of hydrogen sulfide. This 
may occur as a result of an ingress of oxygen, the presence of reducible high oxidation 
state metals, such as ferric ion in iron (III) oxide, or be related to reservoir 
thermochemical sulfate reduction [41], [42]:  
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8 H2S+ 4 O2→8 H2O+ S8                                                                                           (1.1)                                                                                                       
8 Fe2O3 + 24 H2S → 16 FeS + 24 H2O + S8                                                               (1.2)                                                                                                                                      
 2 SO4
2− + 6 H2S → S8 + 4 H2O + 2 OH
-
                                                                     (1.3)                                                                              
In each of the above reactions, the sulfur has been represented as S8, corresponding to its 
stable/dominant allotrope at temperatures approaching 160°C; note that it is molten at 
temperatures above 115°C (α-sulfur) [41], [43]. Other possible sulfur formation processes 
include H2S dissociation at elevated temperatures or microbial sulfate reduction[44]. 
Typically, elemental sulfur is carried by the sour gas from the production zone well 
casing to the pipelins, however, as pressures and temperatures decrease, this sulfur will 
be deposited. In aqueous conditions, contact of sulfur with mild steel has resulted in the 
onset of catastrophic corrosion processes [45]. In 1700, Lemery reported the relationship 
between the corrosion of steels and elemental sulfur for the first time [1]. In the 1980s, 
severe corrosion was also observed on pipeline steel exposed to mixtures of elemental 
sulfur and H2S in several important industrial areas, especially in sour gas and oil 
production fields and transport systems [46]. Elemental sulfur can be deposited in 
pipelines and facilities during sour gas production and increase the risk of corrosion 
failure of tubing and pipelines in a high H2S and CO2 environment [47]. The more 
content of H2S in the gas, the more likely elemental sulfur precipitation will occur, 
especially in gas wells with more than 30% H2S [5]. There has been a large number of 
works on H2S corrosion and protection [8]–[11]. In recent years, Fang reported the 
corrosion behavior of carbon steels at different temperatures by molten covering sulfur on 
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steel surfaces [48], [49], however, there are not still enough investigations on corrosion 
process in the presence of elemental sulfur and iron sulfide deposition on the steel 
surface. In this research, the effects of deposited elemental sulfur on the corrosion 
behavior of molybdenum and chromium alloy steels have been investigated through 
corrosion simulation tests, and electrochemical measurements. 
1.4. Research objectives 
1) The initial objective is to identify and prioritize key contributing issues that need to be 
addressed to fill gaps in the knowledge, technology, and methodology associated with 
corrosion degradation in sour gas pipelines. 
2) The principal objective is to develop a model to predict the corrosion profile of 
Corrosion Resistant Alloys (CRAs) based on the risk of pitting corrosion and the 
localized breakdown susceptibility of oxide film due to the presence of dissolved 
hydrogen sulfide (H2S). 
A new technique for corrosion prediction in sour gas pipelines is the main expected 
output of this research. Another valuable outcome would be enhancing pipelines safety 
and consequently decreasing sour pipeline incidents. These results would help to 
safeguard people and the environment and increase the profitability of sour oilfields. 
1.5. Scope of work 
The scope of this project covers both prediction and mitigation of corrosion process 
hazards in offshore pipelines which may result in release of chemicals and loss of 
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productivity. This work aims to better understand how reservoir souring propagates 
through a deteriorating process and cause loss, where loss is defined as the discrepancy 
between the current situation and the ideal situation. Development of an analytical model 
for prediction of corrosion rate is also included in the scope of this work. The project 
includes two major phases: 
Phase I: Identification of corrosion factors and mechanisms due to reservoir souring: A 
three-pronged approach will be used to identify the corrosive factors contributing to the 
operational performance of offshore sour gas pipelines in sour environments: 
• A detailed literature review will be conducted to determine what corrosive factors have 
been identified from earlier studies. Moreover, a complete and vigorous review of 
existing corrosion prediction models in sweet oil operations will be performed to 
determine how they are designed and how mitigation measures are enforced to avoid 
operational failures.  
• The next step covers a thorough examination of the identified causes of the sour 
corrosion process in offshore pipelines operating in harsh environments. This activity 
includes identifying how and to what extent each cause affects both corrosion resistance 
and the microstructural properties of sour gas pipelines.  
• Finally, the results will be shared with industry representatives and other relevant 
experts to gather opinions on the completeness of the identified causes of the sour 
corrosion process in offshore pipelines. The developed cause and effect diagram will 
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considered by the industry partner as based on real experiences, lessons learned, and 
industry needs. 
Upon approval of Phase I by the industry partner, the results will be used in the next 
phase of the project to develop the corrosion prediction model, including the prediction 
model for corrosion due to the presence of hydrogen sulfide and elemental sulfur in harsh 
environment applications. 
Phase II: Development of corrosion prediction model for sour gas pipelines in harsh 
environment applications: 
The scope of Phase II includes the following:  
• Developing a corrosion prediction model for offshore pipelines in sour environments. 
The developed model will perform the required analysis by answering these questions: 1) 
what is the final corrosion rate in a certain environmental condition? 2) What is the effect 
of deposited corrosion products on the corrosion mechanisms? Answers should take the 
correlation between corrosion and reservoir souring variables into consideration.  
• Testing the project outcomes. Based on the availability of required information, the 
developed model will be applied to a simulated or a real-life case study and the results 
will be shared with the industry partner to assess the sensitivity, effectiveness and 
practical applicability of the model. Various comparisons to other existing analytical 
modeling tools and best practices will be provided to ensure the highest standards are 
applied during the modeling procedure.   
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1.6. Uniqueness of Proposed Research 
Even though numerous predictive models have been and are being developed, most of the 
available predictive models for H2S corrosion tend to be either very concentrative in their 
interpretation of results or focus on a narrow range of parametric effects, thereby limiting 
the scope of the model's application for a realistic assessment of corrosivity and corrosion 
rates. Often, data required by the models are not easily accessible or available to the 
operators who need to employ a model, thereby limiting the applicability of the models to 
situations of reduced practical importance. In this context, the issue of the H2S corrosivity 
assessment of corrosion resistant alloys can be re-stated in terms of the following critical 
requirements: 
- Utilize existing lab/field data and theoretical models to obtain a realistic assessment of 
corrosivity and corrosion rates. 
- Develop an analytical approach that integrates both numerical (lab trends) and heuristic 
(field data and experience) information and knowledge about corrosivity prediction. 
1.7. Research method and experimental design 
According to NACE MR0175/ISO15156, one of the most common steel alloys for 
tubular and tubular components in sour service is UNS G41XX0, formerly AISI 41XX 
[26]. This steel typically consists of 0.80–1.1 Cr, 0.15–0.25 Mo, 0.28–0.33 C, 0.40–0.60 
Mn, 0.035 P, 0.040 S, 0.15–0.35 Si, and balanced Fe. In the first two chapters, the 
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working electrodes are machined from the parent material, 4130 alloy steel, into cylinders 
having dimensions of approximately 9 mm length and 9 mm diameter.  
Among all types of Corrosion Resistant Alloys (CRA) used today in the oil and gas 
industry, martensitic stainless steels (MSS) are some of the most reliable and applicable 
ones. These steels have significant CO2 corrosion resistance due to the addition of a 
minimum of 11% chromium content to their composition. NACE and American 
Petroleum Institute (API) standards suggest a number of MSS for oil and gas industry 
applications; among all of them, 13% chromium steel is the most recommended [1]. 
According to the industrial partner’s request, the corrosion samples are made from 
conventional 13% Cr steel, grade 420. In the second two chapters, the working electrodes 
are machined from the parent material, 13% chromium steel, into cylinders having 
dimensions of approximately a 9 mm length and 9 mm diameter.  
Prior to the experiments, all specimens are polished with Coated Abrasive Manufacturers 
Institute (CAMI) grit designations 320, 600 and 1000 corresponding to average particle 
diameters 36.0, 16.0, and 10.3 microns and finally 6-micron grit silicon carbide paper, 
and then cleansed with deionized water until a homogeneous surface is observed. Then 
the specimens are quickly dried using cold air to avoid oxidation. 
Due to the inherent safety concerns associated with H2S gas, an alternative method of 
FeS film deposition is employed [27]. The alternative method provides an acidic 
electrolyte solution which has the potential to form a thin FeS layer on the steel surface, 
like its occurrence in a sour oil pipeline.  
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In order to measure the corrosion parameters, electrochemical techniques such as Linear 
Polarization resistance (LPR), potentiodynamic polarization and cyclic polarization are 
applied. Electrochemical corrosion measurements, and in particular, LPR, provide 
information about the corrosion rate of an electrochemical system [21]. In this method the 
polarization curves represent the evaluation of current density (i) developed on the steel 
surface as a function of the applied potential (E). The current density is directly related to 
the nature and the rate of electrochemical reactions which occur at the interface between 
the steel surface and the aggressive solution.  
For this study, corrosion and electrochemical experiments are conducted in a multi-port 
glass cell with a three electrodes setup, at the atmospheric pressure based on the ASTM 
G5-82 standard for potentiodynamic anodic polarization measurements [22]. The applied 
sweep rate for these measurements is 0.5mV/s. An Ivium Compactstat Potentiostat 
monitoring system is used to perform electrochemical corrosion measurements. The pH is 
adjusted by adding deoxygenated hydrochloric acid or sodium hydroxide. During the 
electrochemical measurements, a graphite rod is used as the counter electrode (CE) while 
saturated silver/ silver chloride (Ag/AgCl) is installed as the reference electrode (RE) and 
4130 molybdenum alloy and conventional 13% Cr steel samples are chosen as working 
electrodes (WE). 
1.8. Organization of thesis 
This thesis is written in manuscript format (paper-based). Table 1.1 shows the papers 
published during the course of this research and the outline of each chapter. 
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Table 1.1. Organization of thesis 
Chapter Title Supporting Paper Title 
Chapter 1: 
Introduction 
Not applicable (NA) 
Chapter 2: 
Electrochemical 
and 
microstructural 
analysis of FeS 
Electrochemical and 
microstructural analysis of FeS 
films from acidic chemical bath at 
varying temperatures, pH and 
immersion times, International 
Journal of Corrosion, 2016 
Chapter 3: 
Corrosion 
Behavior of Cr-
Mo Low Alloy 
Steel 
Effect of Elemental Sulfur and 
Sulﬁde on the Corrosion Behavior 
of Cr-Mo Low Alloy Steel for 
Tubing and Tubular Components 
in Oil and Gas Industry, Journal of 
Material Science and Engineering 
by MDPI, 2017 
 
Corrosion behavior of Cr-Mo low 
alloy steel in direct contact with 
elemental sulfur, 2nd International 
Conference on Smart Material 
Research (ICSMR 2016), Istanbul, 
Turkey (Received best oral 
presentation award) 
Chapter 4: 
Corrosion 
Behavior of 13% 
chromium steel  
Effect of various corrosion films 
on electrochemical behavior of 
conventional 13% Cr steel exposed 
to chloride containing 
environment, Journal of 
Innovations in Corrosion and 
Materials Science by Bentham 
Science, 2017 
 
Corrosion behavior of 
conventional 13% Cr steel exposed 
to chloride containing 
environment, 56th annual 
Conference of Metallurgists, 
Vancouver, Canada, 2017 
Chapter 5: 
Proposed model of 
corrosion rate of 
13% chromium 
steel in harsh 
environment 
Development of a model for 
prediction of corrosion rate of 13% 
chromium steel exposed to 
different environmental conditions, 
Global Journal of Engineering 
Science and Research, 2017 
Chapter 6: 
Conclusions and 
Recommendations 
NA 
 
 16 
 
 
Chapter 2 proposes the synthetization of a FeS corrosion product layer on a 4130 alloy 
steel surface by chemical bath deposition of iron and sulfur ions at acidic pH levels under 
varying environmental conditions, without the presence of H2S in the solution.  
 
Chapter 3 discusses the effect of elemental sulfur deposition on the corrosion resistance 
of 4130 molybdenum alloy steel in different environmental conditions. This chapter 
highlights the effects of immersion time and pH on the corrosion behavior of alloy steel.  
Chapter 4 studies the effects of elemental sulfur and FeS layers on the corrosion behavior 
of 13% chromium steel with particular emphasis on the role of temperature and chloride 
concentration and the morphological measurement of corrosion products. 
Chapter 5 uses the empirical approaches, optimal solutions, curve fitting and neural 
networks to predict the corrosion rate of 13% chromium steel in a simulated sour 
environment by considering the presence of various sour corrosion product layers on the 
surface of material. 
Chapter 6 reports the summary of the thesis and the main conclusions drawn through this 
work. Recommendations for future work are presented at the end of Chapter 7.  
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2. ELECTROCHEMICAL AND MICROSTRUCTURAL ANALYSIS OF FeS 
FILMS FROM ACIDIC CHEMICAL BATH AT VARYING TEMPERATURE, 
pH, AND IMMERSION TIME 
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manuscript and subsequently revised the manuscript based on the co-authors’ feedbacks 
and also the initial feedbacks from the journal reviewers. The co-author John Shirkokff 
helped in analyzing the final results, and contributed in preparing, reviewing and revising 
the manuscript.  
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Abstract 
The corrosion resistance and corrosion products of 4130 alloy steel have been 
investigated by depositing thin films of iron sulfide synthesized from an acidic chemical 
bath. Tests were conducted at varying temperatures (25°C-75°C), pH levels (2-4), and 
immersion times (24-72 hours). The corrosion behavior was monitored by linear 
polarization resistance (LPR) method. X-ray Diffraction (XRD), Energy Dispersive X-
ray Spectroscopy (EDX), and Scanning Electron Microscopy (SEM) have been applied to 
characterize the corrosion products. The results show that along with the formation of an 
iron sulfide protective film on the alloy surface, increasing temperature, increasing 
immersion time, and decreasing pH all directly increase the corrosion rate of steel in the 
tested experimental conditions. It was also concluded that increasing temperature causes 
an initial increase of the corrosion rate followed by a large decrease due to transformation 
of the iron sulfide crystalline structure. 
Keywords: 4130 alloy steel, SEM, EDX, XRD, LPR, chemical bath deposition. 
2.1. Introduction 
The corrosion of steel in aqueous environments containing hydrogen sulfide, H2S, is of 
great interest to the oil and gas industry[1-5]. Unlike carbon dioxide corrosion, H2S 
corrosion always involves the formation of corrosion products that are predominantly 
iron sulfide, FeS, compounds with various phases. These corrosion product films should 
be characterized to illustrate the corrosion mechanism. It has been reported that the 
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formation of the FeS generally controls the H2S corrosion[6]. However, there is still 
debate on how the initial corrosion product layers form. 
It is well known that surface scale formation is one of the most important factors that 
influences the corrosion rate [7]. The scale slows down the corrosion process by 
presenting a diffusion barrier for the species involved in the corrosion process and by 
covering and preventing the underlying steel from further dissolution. The scale growth 
depends primarily on the kinetics of scale formation [8].  
H2S corrosion on the metal surface is also strongly dependent on the type of corrosion 
product films formed on the surface of the metal during the corrosion process. The 
precipitation rate or the formation of these films depends on various environmental 
factors and the concentration of species. The stability, protectiveness, and adherence of 
these films determine the nature and the rate of corrosion [9-10]. It is important to note 
that in contrast to one single type of iron carbonate formed in CO2 corrosion, many types 
of FeS may form during H2S corrosion such as amorphous ferrous sulfide, mackinawite, 
cubic ferrous sulfide, smythite, greigite, pyrrhotite, troilite, pyrite and marcasite [11-18]. 
In aqueous solutions of H2S, two mechanisms were proposed for the formation of FeS 
films, namely, dissolution of iron followed by precipitation of FeS and sulfide ion 
adsorption followed by direct film formation [19].  
The first proposed theory is a possible mechanism for FeS formation in that the FeS layer 
is formed by precipitation only when its concentration reaches the solubility limit, 
analogous to how precipitation equilibrium governs the mechanism of iron carbonate 
formation. However, if this is to be true, the kinetics of FeS formation must be much 
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faster than that of iron carbonate. In cases where FeS is highly under-saturated in the 
bulk, it can still be formed on the steel surface. This is suspected to be due to the high 
surface pH caused by consumption of hydronium ions by corrosion as well as local high 
ferrous ion concentration, resulting in a supersaturation of FeS on the steel surface. 
Therefore, FeS forms relatively fast on the steel surface, irrespective of the bulk 
conditions [20-22]. Another possible theory has been proposed by Shoesmith, et al., 
which describes that the first layer of mackinawite is generated by a direct, solid-state 
reaction between the steel surface and H2S [2][19]. Mackinawite then grows with time. 
The corrosion product layer growth rate depends upon the corrosion rate as well as the 
water chemistry with regards to pH, temperature, etc. It has been found that when the 
thickness of FeS reaches a critical value, this corrosion product layer cracks due to the 
development of internal stresses [6], [23]. More corrosive species such as H2S or 
hydrogen ions diffuse through the now porous FeS layer and attack the steel surface. 
More FeS is then formed either by solid-state reaction between steel and H2S akin to 
what happened initially, or precipitation of FeS due to local FeS supersaturation. This 
direct, solid-state reaction theory is supported by other research [24-25]. 
How FeS initially forms is pertinent, because it can help to better predict the H2S 
corrosion. However, until now research efforts have not achieved agreement on this 
subject. The situation is complicated by the variety of types of FeS that can be formed. 
Depending on the conditions relating to the corrosion environments: mackinawite, 
pyrrhotite, greigite, smythite, marcasite and pyrite are the six naturally occurring FeS 
minerals [5], [19]. 
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Most of the previous studies in this area are conducted at high temperatures and usually 
in gaseous H2S environment. In the present study, all the experiments are performed at 
lower temperature in an aqueous solution because the real temperature of some oil and 
gas production and pipelines are below 100°C. In this study, FeS films have been 
synthesized on the metal alloy surface without the presence of H2S in the solution. 
Rather, FeS was formed by chemical bath deposition of iron and sulfur ions at acidic pH 
levels under varying environmental conditions.   
2.2 Experimental procedure 
2.2.1. Material and sample preparation 
According to NACE MR0175/ISO 15156, the most common steel alloys for tubular and 
tubular components in sour service is UNS G41XX0, formerly AISI 41XX [26]. 4130 
Steel is among the most common of these alloys used in industry. This steel typically 
consist of 0.80-1.1 Cr, 0.15-0.25 Mo, 0.28-0.33 C, 0.40-0.60 Mn, 0.035 P, 0.040 S, 0.15-
0.35 Si and balance Fe. The working electrode was machined from the parent material 
into cylinders having dimensions of approximately 9 mm, length and diameter. Prior to 
the experiments, all specimens were polished with Coated Abrasive Manufacturers 
Institute (CAMI) grit designations 320, 600, 1000 corresponding to average particle 
diameters 36.0, 16.0, and 10.3 microns and finally 6 micron grit silicon carbide paper, 
and then cleansed with deionized water until a homogenous surface was observed. 
Following this the specimens were quickly dried using cold air to avoid oxidation. 
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2.2.2. Electrolyte solution preparation and synthesis of FeS films 
Due to the inherent safety concerns associated with H2S gas, an alternative method of 
FeS film deposition was employed [27]. The alternative method provided an acidic 
electrolyte solution which has the potential to form thin FeS layer on the steel surface like 
what happens in the sour oil pipeline. 
This acidic chemical bath contains 6.25g iron (II) chloride (0.15 M), 12.60g urea (1 M) 
and 31.55g thioacetamide (2 M). Deionized water was used as the solvent in every 
experiment. Each reagent was mixed with 210 ml of deionized water, stirred with a 
magnetic stir rod for 30 minutes, and mixed together under stirring for an additional two 
hours to achieve a clear solution.  
The mechanism of FeS formation in this acidic bath is the slow release of iron and sulfur 
ions within solution followed by the deposition of these ions on the alloy surface. The 
iron and sulfur ions are provided from iron (II) chloride and thioacetamide respectively. 
The formation of FeS films from this acidic bath is dependent on whether the deposition 
rate of the ionic product of iron and sulfur is higher than solubility of FeS. Adding urea to 
the solution adjusted the balance between hydrolysis and deposition. The proposed 
reactions for this mechanism is described as follow [27]: 
FeCl2 → Fe
2+ + 2 Cl− 
CH3CSNH2 + H2O ↔ S2−+ CH3CONH2 + 2H
+
 
(2.1) 
(2.2) 
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CO (NH2)2 + H2O ↔ 2NH3 + CO2 
NH3 + H2O ↔ NH4 
+ 
+ OH−                                                                                     
Fe
2+
 + S
2-
 ↔ FeS  
Finally, the overall reaction would be written as: 
2.2.3. Corrosion tests 
Experiments were conducted in a multi-port glass cell with a three electrodes setup at 
atmospheric pressure based on the ASTM G5-94 standard for potentiostatic anodic 
polarization measurements [28]. A graphite rod was used as the counter electrode (CE) 
and saturated silver/ silver chloride (Ag/AgCl) was used as the reference electrode (RE). 
In order to investigate the electrochemical characteristic of the corrosion films formed on 
the steel alloy, the specimens subjected to corrosion were used as working electrodes 
(WE).  
An Ivium Compactstat Potentiostat monitoring system was used to perform 
electrochemical corrosion measurements. Linear Polarization Resistance (LPR) technique 
was used to investigate the corrosion rate. The applied potential range for the LPR 
measurements were from -0.02V to 0.02V with a scanning rate of 0.125mV/s. All the 
measurement were conducted by setting the potentiostat to take measurements at 0.5, 1, 
2, 4, … to 24, 48 or 72 hours depending on the test. Prior to start of each test the sample 
Fe
2+
 + CH3CSNH2 + CO (NH2)2 + 2H2O → FeS + CH3CONH2 + 2NH4
+
 + CO2     (2.6) 
 (2.3) 
(2.5) 
(2.4) 
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was immersed in the solution for 55 minutes in accordance with ASTM G5-82 [28]. The 
pH was adjusted by adding deoxygenated hydrochloric acid. 
Table 2.1 describes the experimental conditions. Three series of experiments were 
conducted to investigate the effect of temperature, immersion time and pH on the 
corrosion behavior of FeS films.  
 
Table 2.1. Experimental conditions 
Condition no. Temperature (°C) pH Immersion time (Hour) 
1 50 4 24 
2 50 4 48 
3 50 4 72 
4 25 4 24 
5 50 4 24 
6 75 4 24 
7 50 2 24 
8 50 3 24 
9 50 4 24 
 
2.2.4. Surface morphology observation and corrosion product analysis 
Upon completion of corrosion testing, morphological characterization of the surface was 
conducted using a FEI Quanta 400 Scanning Electronic Microscope (SEM) with Bruker 
Energy dispersive X-ray (EDX) spectroscopy. The SEM was operating at 15 kV, with a 
 30 
 
 
working distance of 15 mm, and beam current of 13 nA. The crystal structure and 
chemical composition of the corrosion products were characterized by X-ray diffraction 
(XRD) using a Rigaku Ultima IV X-ray diffractometer operating at 40 kV and 44 mA, 
and SEM-EDX to confirm the chemical elements. 
2.3. Results and discussion 
2.3.1 Effect of immersion time on the corrosion mechanism and products 
Figure 2.1. shows the effect of 24, 48 and 72 hours of immersion time on the corrosion 
rate of the specimens at 50°C and pH 4. During a corrosion process the rate of the 
reaction is determined by the corrosion mechanism. Growth of a corrosion film limits the 
rate of further corrosion by acting as a diffusion barrier for the species involved in the 
process. Gradually the corrosion rate decreases and the underlying steel is protected from 
further dissolution [8], [19].   
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Figure 2.1. Corrosion rate with time at pH 4, 50°C 
Figure 2.1. indicates that in this experiment the results of LPR measurements did not 
agree well with the idea of a decrement of corrosion rate by increase of exposure time to 
the solution. It shows that corrosion rate is increasing gradually by increasing the 
immersion time which could be explained as follows: 
1. The corrosion rate is significantly greater than the rate of film formation on the 
surface. 
2. The corrosion product has weak adherence to the alloy surface causing it to detach and 
expose the unprotected alloy to the corrosive solution and increase the possibility of 
localize corrosion on the surface. 
The diffraction spectra in Figure 2.2, were search-matched to the XRD computer 
database (i.e. contains powder diffraction files (PDF) from the joint committee on powder 
diffraction standards (JCPDS) and international center for diffraction data (ICDD)).  
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Figure 2.2. P-XRD analysis on the 4130 alloy surface at: a) 50°C, 4 pH and 48 hours,  b) 25°C, 4 pH 
and 24 hours , c) 50°C, 2 pH and 24 hours , d) initial condition (uncorroded sample) and e) 75°C, 4 
pH and 24 hours. 
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Figure 2.2 (a-d) identified 006-0696 iron Fe (alpha-Fe body-centered cubic (bcc) crystal 
type), and Figure 2.2 (e) identified both 006-0696 iron Fe (alpha-Fe bcc) and 015-0037 
mackinawite FeS (tetragonal FeS crystal type). These PDF numbers and names appear in 
the top right corner of each diffraction spectra and corresponding line positions are 
superimposed onto the spectral peaks in each figure.  
Figure 2.2 shows the results of crystal structure characterization of the steel alloy surfaces 
with powder (P)-XRD. From Figure 2.2 (a-c) it is apparent that XRD results primarily 
indicated elemental Fe consistent with the uncorroded sample in Figure 2.2 (d), this is 
likely a result of inadequate film thickness for detection by a P-XRD spectrometer. The 
thin nature of the corrosion film on the surface of the steel alloy is consistent with 
literature discussing the deposition of FeS using the indicated chemical bath alternative to 
H2S exposure [24]. 
As shown in Figure 2.2 (e) there was a small amount of mackinawite detected by the P-
XRD spectrometer on the surface of the sample exposed to 75°C for 24 hours at 4 pH. 
This result suggests that the film thickness is increased at high temperatures. In lieu of 
thin film XRD analysis, P-XRD may be able to detect thicker corrosion layers formed at 
relatively high temperatures.  
Figure 2.3 shows the SEM images of corrosion product films formed under varying 
immersion times. After 24 hour immersion time, a uniform layer of corrosion product, 
consisting of small tetragonal mackinawite, covered the surface [29]. 
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 Figure 2.3. SEM analysis of corrosion products of 4130 alloy after a) 24, c) 48 and e) 72 hours 
immersion at pH4, 50°C and EDX analysis of corrosion products of 4130 alloy after b) 24, d) 48 and f) 
72 hours immersion at pH4, 50°C. 
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As shown in Figure 2.3. (a) this thick corrosion layer is loose and full of blister and 
cracks, causing the corrosion rate to accelerate by increasing the diffusion of 
electrochemical reaction species such as Fe
2+
 through the alloy surface. As has been 
mentioned in other research, this initial mackinawite layer is easily cracked and peel off 
due to stress as a result of the volume effect [30]. This failure of the initial corrosion layer 
will gradually increase the corrosion rate and expose more unprotected area to the 
solution.  
Figure 2.3 (b). shows the EDX analysis results of corrosion product films after 24 hours 
immersion. These results indicated that most of the corrosion products are iron-rich 
compounds such as mackinawite, which generally has lower corrosion resistance 
compared to sulfur-rich compounds such as troilite. The corrosion resistance of FeS 
follows a sequence of mackinawite < troilite, <pyrrhotite < pyrite[24]. 
After 48 hours immersion, the corrosion scale cracks become more severe and hexagonal 
crystals form beside the cracks as shown in Figure 2.3 (c). The EDX results of these 
hexagonal crystals indicate high sulfur content in their chemical composition as shown in 
Figure 2.3 (d). 
Figure 2.3 (e) shows that after 72 hours of immersion, the initial corrosion product film 
has cracked and peeled off the surface of the specimen and a newly formed corrosion 
scale has been integrated. Larger, hexagonal shaped corrosion products formed on top of 
the new scale as mainly troilite crystals formed near the end of the 72 hours.  
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Generally, it could be said that by increase of immersion time more corrosion resistant 
products such as troilite replaced the initially formed mackinawite on the alloy surface. 
This is supported by the EDX results that indicate the major corrosion product varied 
from iron-rich mackinawite to sulfur-rich troilite, in Figure 2.3 (b, d and f). Despite the 
nucleation of stable troilite crystals on the metal surface the results of LPR measurements 
showed that between 48 and 72 hours the corrosion rate dramatically increased from 
0.0662 to 0.779. This increase could be explained by localized fracture of the corrosion 
film due to weak adhesion of the scale on the surface. This provides a path for sulfide to 
penetrate and attack the substrate of metal surface. 
2.3.2 Effect of temperature on the corrosion mechanism and products 
Figure 2.4. shows the effect of increasing temperature on the corrosion rate of specimens 
over the course of 24 hours at pH 4.  
 
Figure 2.4. Corrosion rate with temperature at pH 4, 24 hours. 
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It can be observed that during first 12 hours of increasing temperature from 25°C to 
75°C, the corrosion rate dramatically increased which can be explained by following 
reasons:  
1. Increasing the temperature could accelerate the diffusion of species involved in 
electrochemical reactions.  
2. Temperature could affect the concentration of corrosion species by preferentially 
evaporating one or more species out of the solution, which could affect the corrosion 
reaction.  
It has been confirmed by previous research that temperature generally accelerates most of 
the chemical, electrochemical and transporting processes occurring during the corrosion 
process and also both cathodic reactions and anodic currents which were measured 
increased with increasing temperature [31].  
During the final 12 hours of testing at 75°C the corrosion rate significantly decrease from 
2.2 to 0.25 mm/year, which could be related to transformation of mackinawite crystalline 
structure to a more resistant troilite crystalline structure. The SEM image in Figure 2.5 
shows significant fracturing of the surface film at 75°C which explains the initial higher 
corrosion rate due to the diffusion of species into non-protective mackinawite followed 
by the decreased corrosion rate due to formation of the protective troilite crystalline 
structure on the alloy surface.  
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Figure 2.5. SEM image of corrosion products on surface of 4130 alloy after 24 hours immersion at 
pH 4, and 75°C. 
 
2.3.3 Effect of pH on the corrosion mechanism and products 
Figure 2.6 shows the effect of pH on the corrosion rate of specimens immersed for 24 
hours at 50°C. 
 
Figure 2.6. Corrosion rate with pH at 50°C, 24 hours. 
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The results show that decreasing pH from 4 to 2 slightly increases the corrosion rate. The 
protective nature and composition of the corrosion product depend greatly on the pH of 
the solution. At lower values of pH (<3), iron is dissolved and FeS is mostly inhibited 
from precipitating on the metal surface due to a very high solubility of FeS phases [32]. 
Figure 2.7 (a) shows the SEM image of corrosion products on the surface of a specimen 
after 24 hours at pH 2 and 50 °C.  
 
 
Figure 2.7. SEM images of corrosion products on surface of 4130 alloy after 24 hours immersion 
at 50°C, pH 2: (a), (c)and EDX analysis of corrosion products on surface of 4130 alloy after 24 
hours immersion at 50°C, pH 2: (b), (d). 
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As can be observed, the corrosion products are loose and detached from the surface. This 
could result in the products being easily removed by shear stress. The EDX results as 
shown in Figure 2.7 (b) indicate a high presence of sulfur compounds and a low presence 
of iron compounds on the surface.  
The SEM results in Figure 2.7(c) of the specimen immersed in the solution at pH 2 also 
shows the presence of a pit on the surface. This is another reason for the higher corrosion 
rates seen at low pH. The corrosion pit shown in Figure 2.7(c) has a brittle cap covering 
the substrate. EDX analysis indicates that this cap is primarily sulfide as shown in Figure 
2.7 (d). At pH 3, the top surface layer displayed a flaky structure as seen in Figure 2.8.  
 
Figure 2.8. SEM image of corrosion products on surface of 4130 alloy after 24 hours immersion at 
pH 3, and 50°C. 
Parts of the layer had spalled off and revealed the presence of much smaller crystallites 
under the outer layer. It is likely that this layer is the result of the immediate precipitation 
of Fe²⁺  released by corrosion [32]. At pH values from 3 to 4, an inhibitive effect of the 
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corrosion mechanism is seen due to the formation of a marcasite FeS protective film on 
the electrode surface. At pH 3, small crystals were observed on areas where the outer 
layer had spalled off as shown in Figure 2.8. At pH 4, the surface was mostly covered 
with a much denser layer as shown in Figure 2.9.  
 
Figure 2.9. SEM image of corrosion products on surface of 4130 alloy after 24 hours immersion at 
pH 4, and 50°C. 
 
2.4. Conclusions 
The results of this research indicated that acidic chemical bath deposition could be 
successfully applied to investigate the formation and growth of FeS thin films under 
varying experimental conditions. Due to the inherent safety concerns associated with sour 
corrosion experiments in laboratories, this acidic chemical bath deposition method could 
be applied as a substitute for H2S in certain experiments to characterize formation and 
transformation of FeS corrosion products.  
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Other primary findings of this research are: 
 Increase of immersion time gradually increases the corrosion rate of 4130 
chromium alloy steel in this experiment, resulting from localize fracture of 
corrosion layer despite transformation of FeS crystalline structures from iron-rich 
mackinawite to sulfur-rich troilite compounds during the corrosion process. 
 Increase of pH directly decreases the corrosion rate of 4130 alloy steel in this 
experiment resulting from the formation of a more resistant FeS film at higher 
values of pH. 
 Increase of temperature from 25°C to 75°C causes an increase in the corrosion 
rate of 4130 alloy steel, likewise resulting from the transformation of FeS 
crystalline structure during the corrosion process. 
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3. EFFECT OF ELEMENTAL SULFUR AND SULFIDE ON CORROSION 
BEHAVIOR OF CHROMIUM- MOLYBDENUM ALLOY STEEL FOR 
TUBING AND TUBULAR COMPONENTS IN OIL AND GAS INDUSTRY 
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Abstract 
The chemical degradation of alloy components in sulfur-containing environments is a 
major concern in oil and gas production. This paper discusses the effect of elemental 
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sulfur and its simplest anion, sulfide, on the corrosion of Cr-Mo low alloy steel at pH 2 
and 5 during 10, 20 and 30 hours immersion in two different solutions. 4130 Cr-Mo low 
alloy steel is widely used as tubing and tubular components in sour services. According 
to the previous research in aqueous conditions, contact of solid sulfur with alloy steel can 
initiate catastrophic corrosion problems. The corrosion behavior was monitored by the 
potentiodynamic polarization technique during the experiments. Energy dispersive x-ray 
spectroscopy (EDS), and scanning electron microscopy (SEM) have been applied to 
characterize the corrosion product layers after each experiment. The results show that 
under the same experimental conditions, the corrosion resistance of Cr-Mo low alloy in 
the presence of elemental sulfur is significantly lower than its resistance in the presence 
of sulfide ions. 
Keywords: corrosion behavior, elemental sulfur, sulfide, 4130 Cr-Mo low alloy, 
potentiodynamic polarization 
3.1. Introduction 
For more than 40 years elemental sulfur deposition in pipelines and facilities has become 
a major concern in the sour oil and gas industry [1]. In conjunction with reservoir 
souring, the incidence of sulfur corrosion will likely increase. It is known from prior 
research that the presence of dry elemental sulfur in contact with carbon steel is not 
considered as a corrosion threat to steel; however, by adding water to the system, the 
corrosion process may be dramatically accelerated [2]. 
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Elemental sulfur usually appears in an aqueous system due to the oxidation of sulfide 
species where the possible reaction for the formation of elemental sulfur (S8) may involve 
high oxidation state metals or oxygen [3]: 
  
MacDonald et al. hypothesized that an electrochemical reaction between iron and 
polysulfide could be the driving force for a corrosion process where elemental sulfur is 
present [4]: 
(x−1) Fe (s) + Sy−1 S
2− 
(aq) + 2 H
+ (aq) → (x−1) FeS (s) + H2S (g) + Sy−x (s)            
(3.3) 
 
In recent years, Fang et al. investigated the corrosion behavior of carbon steel at different 
temperatures with molten covering sulfur on the steel surface [5], [6]. These 
investigations comprehensively studied the sulfur hydrolysis and direct sulfur/iron 
reaction, with either an electrically insulating or conductive barrier placed between the 
sulfur droplet and the metal surface. 
The investigation of Fang et al.  proved that the electrical connection and physical 
proximity between sulfur and steel are critical characteristics for elemental sulfur 
corrosion of mild steel. They also identified that an electrochemical reaction is the likely 
mechanism of elemental sulfur corrosion of mild steel. However, there are few 
8 H2S (aq) + 4 O2 (g) → S8 (s) + 8 H2O (l)                                                                  (3.2)            
 
8 H2S (aq) + 16 M 
n
 
+ (aq) → S8 (s) + 16 H
+ 
(aq) + 16 M
 (n-1)
 
+
 (aq)                           (3.1)                                      
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electrochemical investigations on the corrosion behavior of an alloy steel such as 4130 in 
the presence of elemental sulfur. In this paper, the effect of elemental sulfur and its anion 
on corrosion mechanism and the behavior of the Cr-Mo low alloy steel were investigated 
at varying pH levels and immersion time through corrosion simulation tests and 
electrochemical measurements.  
3.2. Experimental procedure 
3.2.1. Material and sample preparation 
According to NACE MR0175/ISO 15156, the most common steel alloy for tubular and 
tubular components in sour service is UNS G41XX0, formerly AISI 41XX [7]. 4130 
Steel is among the most common low alloys used in the oil and gas industry. This steel 
typically consists of 0.80-1.1 Cr, 0.15-0.25 Mo, 0.28-0.33 C, 0.40-0.60 Mn, 0.035 P, 
0.040 S, 0.15-0.35 Si and balance Fe. The working electrode was machined from the 
parent material into cylinders having dimensions of approximately 9 mm length and 9 
mm diameter. Prior to the experiments, all specimens were polished with Coated 
Abrasive Manufacturers Institute (CAMI) grit designations 320, 600 and 1000, 
corresponding to average particle diameters 36.0, 16.0 and 10.3 microns and finally 6-
micron grit silicon carbide paper, and then cleansed with deionized water until a 
homogeneous surface was observed. Following this, the specimens were quickly dried 
using cold air to avoid oxidation. 
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After preparing the samples, they were transferred into a multi-port glass cell which was 
filled with 3.5% sodium chloride solution. The pH was adjusted by adding deoxygenated 
hydrochloric acid or sodium hydroxide. Prior to the start of each electrochemical test, the 
sample was immersed in the solution for 55 minutes in accordance with ASTM G5-82 
[8]. 
3.2.2. Direct sulfur/ iron and sulfide/ iron reactions preparation 
Two series of experiments have been performed to investigate the effects of elemental 
sulfur (S8) and its simplest anion, sulfide (S
2-
), on the corrosion behavior of Cr-Mo low 
alloy steel at varying pH and immersion times. In the first series of experiments, all of the 
tests were carried out in a multi-port glass cell which was filled with solved 
thioacetamide (2M) in 420 ml de-ionized water. According to the literature and authors’ 
previous studies [9, 10], addition of thioacetamide into the water would produce free 
sulfide ions through the bulk solution. Decomposition of thioacetamide is an irreversible 
reaction which has been considered as the sulfur source, generating S
2-
 by a hydrolytic 
method [11–14]. Equation (3.5) shows the presence of dissolved free sulfides in de-
ionized water which are super active to react with samples. Table 3.1 describes the 
experimental conditions of the first series of experiments. 
 
CH3CSNH2 + H2O ↔ S
2-
 + CH3CONH2 + 2H
+                                                                          
(3.4)
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In the second series, a similar method to the method of Fang et al.with maximum uniform 
coverage of adherent sulfur to the coupon surface was employed for all of the tests [1, 5, 
15]. In this series of experiments, samples’ surfaces were covered with sublimed 
elemental sulfur 99.9999% (ACROS) deposited onto polished samples. Table 3.2 
describes the experimental conditions of the second series of experiments. 
 
Table 3.1. Experimental condition of the first series 
Condition No. T (°C) pH Immersion Time (h) 
1 80 2 10 
2 80 2 20 
3 80 2 30 
4 80 5 10 
5 80 5 20 
6 80 5 30 
 
Table 3.2. Experimental condition of the second series 
Condition No. T (°C) PH Immersion Time (h) 
7 80 2 10 
8 80 2 20 
9 80 2 30 
10 80 5 10 
11 80 5 20 
12 80 5 30 
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3.2.3. Electrochemical measurements 
Electrochemical corrosion experiments, and in particular, the potentiodynamic 
polarization scan, can provide considerable information on the corrosion rate, pitting 
susceptibility and passivity as well as the cathodic behavior of an electrochemical system 
[16]. During this study, experiments were conducted in a multi-port glass cell with a three 
electrodes setup at atmospheric pressure based on the ASTM G5-82 standard for 
potentiodynamic anodic polarization measurements [8]. 
A graphite rod was used as the counter electrode (CE) and saturated silver/ silver chloride 
(Ag/AgCl) was used as the reference electrode (RE).Also as was mentioned in the 
material and sample preparation, 4130 low alloy steel was used as the working electrode 
(WE). 
An Ivium Compactstat Potentiostat monitoring system was used to perform 
electrochemical corrosion measurements. The potentiodynamic polarization technique 
was applied to investigate the corrosion behavior. The applied scan rate for this 
measurements was 0.125 mV/s.  
3.2.4. Surface morphology observation and corrosion product layers analysis 
Upon completion of corrosion testing, morphological characterization of the surface was 
conducted using a FEI Quanta 400 scanning electronic microscope (SEM) with Bruker 
energy dispersive x-ray (EDS) spectroscopy. The SEM was operating at 15 kV, with a 
working distance of 15 mm, and beam current of 13 nA. 
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3.3. Results and discussion  
3.3.1. First series of experiments; Effect of sulfide (S
2-
) on corrosion mechanism of 
Cr-Mo low alloy steel  
As was mentioned in the experimental procedure in order to investigate the effect of 
sulfide (S
2-
) on the corrosion behavior of 4130 alloy, the samples were immersed into the 
solution containing solved thioacetamide (2M) in 420 ml de-ionized water for 10, 20 and 
30 hours at 80 °C, pH 2 and 5. 
3.3.1.1. Corrosion behavior of Cr-Mo low alloy steel  
The potentiodynamic curves of 4130 Cr-Mo low alloy steel in thioacetamide solution at 
different immersion times: 10, 20 and 30 hours at 80 °C, pH 2 are illustrated in Figure 1. 
The scan rate was 0.125 mV/s. 
 
Figure 3.1. The potentiodynamic curves of 4130 Cr-Mo low alloy steel in thioacetamide solution at 
different immersion times: 10, 20 and 30 hours at 80 °C, pH 2. 
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Figure 3.1.indicates the stable behavior of anodic curves with increasing the immersion 
time from 10 to 30 hours at 80 °C, pH 2. It illustrates that the corrosion potential, Ecorr, at 
pH 2 for 20 and 30 hours immersion time is almost the same and more positive than that 
of 10 hours immersion in the solution; however, the values of difference are not 
significant. It can be also observed that the current density of 10 hours immersion is 
higher than those of 20 and 30 hours immersion. 
Figure 3.2.shows the stable behavior of anodic curves with increasing the immersion time 
from 10 to 30 hours at 80 °C, pH 5. The potentiodynamic polarization curves indicate 
that Ecorr of 10 hours immersion was relatively more positive than that of 30 hours 
immersion which was more positive than that of 20 hours. The current density of 10 
hours immersion is slightly lower than that of 30 hours immersion time which is 
significantly higher than the current density of 20 hours immersion in the solution.  
 
Figure 3.2. The potentiodynamic curves of 4130 Cr-Mo low alloy steel in thioacetamide solution at 
different immersion times: 10, 20 and 30 hours at 80 °C, pH 5. 
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During a corrosion process, the rate of the reactions is determined by the corrosion 
mechanism. The growth of a corrosion product layer limits the rate of further corrosion 
by acting as a diffusion barrier for the species involved in the process [17, 18].  After 20 
hours immersion at pH 5, the formation of a protective corrosion product layer prevented 
the further corrosion of the sample surface; however, after 30 hours immersion, the 
corrosion current density significantly increased, which may be related to the breaking 
down of the protective corrosion product layer on the alloy surface. The values of anodic 
(βa) and cathodic (βc) Tafel slopes of the samples of each experiment were obtained by 
potentiostat as illustrated in Table 3.3.  
 
Table 3.3. The values of anodic (βa) and cathodic (βc) Tafel slopes of first series 
Experiment 𝜷𝒂 (mV·decade
−1
) 𝜷𝒄 (mV·decade
−1
) 
1 0.022 0.019 
2 0.029 0.020 
3 0.020 0.019 
4 0.034 0.023 
5 0.021 0.018 
6 0.028 0.020 
 
3.3.1.2. Corrosion rate of Cr-Mo low alloy steel 
The corrosion current (icorr) was calculated using the following equations [19]:  
icorr= 
B
RP
 (3.5) 
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Where: 
𝑖𝑐𝑜𝑟𝑟 is the corrosion current density in A.𝑚
−2; 
𝑅𝑃 is the polarization resistance in Ω.𝑚
2 and B is the proportionality constant in 
mV.decade
–1
: 
which can be calculated by the given values of anodic (𝛽𝑎) and cathodic (𝛽𝑐) Tafel slopes 
of the samples of each experiment. Finally, the corrosion rate (CR) was calculated using 
equation (3.8): 
Where: 
w is the equivalent weight of 4130 alloy, 
F is Faraday constant, and ρ is the density of 4130 alloy. 
Table 3.4. The corrosion rate of the first series 
Experiment 1 2 6 4 5 6 
pH 2 2 2 5 5 5 
Corrosion Rate (CR) (mm/year) 0.368 0.325 0.318 0.066 0.044 0.224 
 
B =  
βa βc
2.3 (βa+ βc) 
                                                                                                            (3.6)                         
(10) 
 
CR = 
icorr w
ρ F
                                                                                                                  (3.7) 
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As can be observed in Table 3.4, in thioacetamide solution the corrosion rate of Cr-Mo 
low alloy at pH 2 is greater than that of pH 5, which is usually related to the formation of 
a corrosion protective layer at higher pH. At pH 2, iron is dissolved and iron sulfide is not 
significantly precipitated on the surface of the alloy due to the high solubility of iron 
sulfide phases at pH values less than 2[20–22]. In this case, sulfide exhibits only the 
accelerating effect on the dissolution of iron. At pH 5, the inhibitive effect of sulfide is 
seen due to the formation of iron sulfide protective film on the alloy surface [16]. 
Table 3.4 shows that the corrosion rate has a maximum of 0.368 mm/y after 10 hours 
immersion at pH 2 which slightly decreases to 0.318 mm/y after 30 hours immersion. The 
corrosion rates of pH 5 indicate a small decrease and a large increase during 20 and after 
30 hours immersion respectively due to formation and breakdown of the corrosion 
product layer. These results are consistent with data obtained from the potentiodynamic 
polarization technique. 
3.3.2. Second series of experiments; Effect of elemental sulfur (S8) on corrosion 
mechanism of Cr-Mo low alloy steel  
As was mentioned in the experimental procedure, in order to investigate the effect of 
elemental sulfur (S8) on the corrosion behavior of 4130 Cr-Mo low alloy, the surfaces of 
the samples were covered by melted elemental sulfur 99.999% (ACROS) and then 
immersed in a glass cell which was filled with the 3.5% sodium chloride solution.  
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3.3.2. 1. Corrosion behavior of Cr-Mo low alloy steel  
The potentiodynamic curves of 4130 Cr-Mo low alloy steel covered with elemental sulfur 
in the 3.5% sodium chloride solution at different immersion times: 10, 20 and 30 hours at 
80 °C, pH 2, are illustrated in Figure 3.3. The scan rate was 0.125 mV/s. Figure 3.3 
presents that Ecorr at pH 2 for 20 hours immersion time is more positive than that of 30 
hours immersion in the solution; however, the difference is not significant. It can be 
observed that the current density of 30 hours immersion is higher than that of 20 hours 
immersion. 
 
Figure 3.3. The potentiodynamic curves of 4130 Cr-Mo low alloy steel covered with elemental sulfur 
in 3.5% sodium chloride solution at different immersion times: 10, 20 and 30 hours at 80 °C, pH 2. 
  
Figure 3.3 also shows that Ecorr at pH 2 for 10 hours immersion time is the most negative 
one. It can be observed that current density of 10 hours immersion is higher than that 20 
and 30 hours immersion.  
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Figure 3.4 shows the stable behavior of anodic curves of samples covered with elemental 
sulfur with increasing the immersion time from 10 to 30 hours at 80 °C and pH 5. The 
potentiodynamic polarization curves indicate that Ecorr of 30 hours immersion is more 
positive than that of 20 hours immersion in the 3.5% sodium chloride solution. It can be 
observed that current density of 20 hours immersion is higher than that of 30 hours 
immersion. The values of anodic (βa) and cathodic (βc) Tafel slopes of the samples of 
each experiments were determined as illustrated in Table 3.5.  
 
Figure 3.4. The potentiodynamic curves of 4130 Cr-Mo low alloy steel covered with elemental sulfur 
in 3.5% sodium chloride solution at different immersion times: 10, 20 and 30 hours at pH 5. 
  
 
Table 3.5. The values of anodic (βa) and cathodic (βC) Tafel slopes of second series 
Experiment 𝜷𝒂 (mV·Decade
−1
) 𝜷𝑪 (mV·Decade
−1
) 
7 0.032 0.015 
8 0.030 0.013 
9 0.023 0.020 
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10 0.022 0.021 
11 0.022 0.019 
12 0.020 0.019 
 
3.3.2.2. Corrosion rate of Cr-Mo low alloy steel 
The corrosion rates of the second series of the experiments were calculated with the same 
method as the first series. Table 3.6 indicates the corrosion rate of each experiment. 
 
Table 3.6. The corrosion rates of second series 
Experiment 7 8 9 10 11 12 
pH 2 2 2 5 5 5 
Corrosion Rate (CR) (mm/year) 0.615 0.605 0.595 0.381 0.367 0.318 
 
As Table 3.6 indicated, generally the corrosion rates of Cr-Mo low alloy in the presence 
of elemental sulfur are greater than those in the presence of sulfide ions. Also, it can be 
observed that at pH 2 the rates of corrosion are higher than those of pH 5, which is due to 
the formation of protective corrosion product layers on the alloy surface at pH greater 
than 2. The corrosion rate after 10 hours immersion at pH 2 has a maximum of 0.615 
mm/y which slightly decreased to 0.595 mm/y after 30 hours immersion. The corrosion 
rates of pH 5 gradually decreased by increasing the immersion time due to the formation 
of protective corrosion product layer. These results are consistent with data obtained from 
the potentiodynamic polarization technique. 
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3.3.3. Analysis of corrosion product layers on the surface of the alloy 
Figure 3.5 shows the SEM micrograph of the corrosion product layers that form on the 
surface of each sample at pH 2 under 10, 20 and 30 hours immersion time in 
thioacetamide solution. Figure 3.5 shows that by increasing the immersion time, a thin 
corrosion product layer gradually covered the alloy surface and protected it from further 
corrosion. EDS results indicate that this corrosion product layer contains iron and sulfur 
and so, likely, compounds of iron sulfide. 
The EDS spectrum of Figure.a illustrates that once the corrosion product layer formed on 
the sample surface, in some areas sulfur element was observed as the predominant 
constituent with a high ratio compared to iron elements. The same features have been 
reported by F. Alabbas et al [23]. 
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Figure 3.5. SEM micrograph and EDS of the corrosion product layers that form on the surface of 
each sample at pH 2 under a) 10, b) 20 and c) 30 hours immersion time in thioacetamide solution. 
  
Figure 3.6 shows the SEM micrograph of the corrosion product layers that form on the 
surface of each sample at pH 5 under 10, 20 and 30 hours immersion time in 
thioacetamide solution. 
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Figure 3.6. SEM micrograph and EDS of the corrosion product layers that form on the surface of 
each sample at pH 5 under a) 10, b) 20 and c) 30 hours immersion time in thioacetamide solution. 
Figure 3.6 (a) and (b) show that generally, a much thicker film was deposited on the alloy 
surface at pH 5 after 10 and 20 hours immersion in thioacetamide solution. The 
composition of this film was shown by EDS to consist of iron and sulfur. After 30 hours 
immersion in the solution, the corrosion product layer was broken and exposed the 
sample surface to the corrosive solution.  
Comparison of Figures 3.5 and 3.6 and also the cross section of the corrosion product 
layers shows that at pH 2, a very thin and open structure layer formed which could not 
display a protective role against corrosion. However, at pH 5, the corrosion product layer 
was more dense, adherent and protective due to a higher volume of precipitated products 
on the sample surface. 
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Higher pH would generally decrease the solubility of the corrosion products layer and 
consequently result in an increase of precipitation rate, faster formation of protective 
layers and the reduction of corrosion rates [21].  
Figure 3.7 shows the SEM micrograph of the corrosion product layers that formed on the 
surface of each sample covered with elemental sulfur at pH 2 under 10, 20 and 30 hours 
immersion time. 
 
Figure 3.7. SEM micrograph and EDS of the corrosion product layers that form on the surface of 
each sample covered with elemental sulfur at pH 2 under a) 10, b) 20 and c) 30 hours immersion 
time. 
Figure 3.7 illustrated that the highest percentage of cracks and pits can be observed in this 
experimental conditions; however, the corrosion product layers formation on the alloy 
surface gradually increased with time, which slightly reduced the corrosion rate. The 
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EDS analysis shows the presence of different values of iron and sulfur which also 
indicates the presence of various compounds of iron sulfide on the surface of samples. 
Figure 3.8 shows the SEM micrograph of the corrosion product layers that form on the 
surface of each sample covered with elemental sulfur at pH 5 under 10, 20 and 30 hours 
immersion time. 
   
Figure 3.8. SEM micrograph of the corrosion product layers that form on the surface of each sample 
covered with elemental sulfur at pH 5 under a) 10, b) 20 and c) 30 hours immersion time. 
  
Comparison of Figure 3.7 and 3.8 shows that by increasing pH from 2 to 5 the corrosion 
product layer became more even and continuous which is consistent with data from 
corrosion rate and potentiodynamic polarization tests. At pH 5 and after 30 hours 
immersion in the solution, the corrosion product layers became finer and compact, 
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indicative of good protection for the alloy compared to those of 10 and 20 hours 
immersion. Formation of this condensed corrosion product layer slightly prevents further 
corrosion and consequently decreases the corrosion rate with time.  
3.3.3.1. General comparison of the corrosion product layers in two series of 
experiments 
Figure 3.9 (a) and (b) show the cross section of corrosion product layers of the first and 
second series of experiments at pH 5 after 10 hours immersion time respectively.   
  
 
Figure 3.9. Cross section of corrosion product layer of (a) first and (b) second series of experiments at 
pH 5 after 10 hours immersion time. 
  
In the presence of sulfide ions, Figure 3.9 (a), a thin, dense and adherent layer covered 
the sample surface with a thickness of approximately 7 µm, which provided a barrier 
against further corrosion; however, in the presence of elemental sulfur, Figure.3.9 (b), the 
top surface layer indicates a flaky structure. The thickness of this layer is about 10.15 µm 
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which still cannot provide enough protection due to the structure being too porous and 
detached from the sample surface.  
The results of cross-sectional analysis verified the results from the corrosion rate 
calculation and potentiodynamic measurements. 
XRD pattern of 4130 Cr- Mo alloy steel exposed to sulfide ions and elemental sulfur are 
displayed in Figure.3.10. As has been mentioned in the cross-sectional analysis, the 
corrosion product layer thickness is extremely low for most of the samples, which made 
them undetectable with XRD measurements. Figure 3.10 (a) indicates the XRD pattern 
for the sample covered, with elemental sulfur at pH 5 after 30 hours immersion. As can 
be seen, iron is the only element that was detected on the sample surface. 
The XRD patterns in Figure 3.10 (b) and (c) confirmed the formation of iron sulfide 
compounds on the surface of the samples at pH 5 after 10 hour’s immersion time in the 
first and second series of experiments respectively, where the corrosion product layers 
were thick enough to be detected by X-ray spectra. 
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Figure 3.10. XRD pattern for the samples in a) second series of experiment at pH 5 after 30 hours 
immersion, b) first series of experiments at pH 5 after 10 hours immersion and c) second series of 
experiment at pH5 after 10 hour’s immersion. 
3.4. Conclusion 
Corrosion resistance of Cr-Mo low alloy in the presence of elemental sulfur is 
significantly lower than its resistance in the presence of sulfide ions with the same 
experimental conditions. 
Increasing the pH significantly decreases the corrosion rate of Cr-Mo low alloy steel in 
the presence of elemental sulfur which is due to the formation of more even and compact 
corrosion product layers on the alloy surface. 
The effect of immersion time on the corrosion behavior of alloy is more complicated than 
the effect of pH. Results suggest that a number of factors such as microstructure, 
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composition and stability of corrosion product layers and immersion time can increase or 
decrease the corrosion rate. 
How stable the corrosion product layers are from elemental sulfur corrosion in various 
aggressive environments needs to be further investigated.  
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4. EFFECT OF DEPOSITED CORROSION PRODUCT LAYERS ON 
ELECTROCHEMICAL BEHAVIOUR OF CONVENTIONAL 13% 
CHROMIUM STEEL EXPOSED TO CHLORIDE CONTAINING 
ENVIRONMENT 
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Abstract 
Due to the increase in the number of sour wells in today’s oil and gas industry, reservoir 
souring and related acidizing issues must be considered as an essential concern for 
material selection which significantly affect the application and performance of alloy 
steels. The influence of deposited corrosion product layers on the electrochemical 
behavior of 13% chromium stainless steel was investigated in an acidic solution to study 
the effect of a deposited elemental sulfur and FeS layer on the electrochemical behavior 
of 13% chromium steel with particular emphasis on the role of temperature, chloride 
concentration and morphological characterization of corrosion products. Cyclic 
polarization and also linear polarization resistance techniques were applied to measure 
the corrosion parameters such as corrosion rate, Ecorr, Epit and Ipass of 13% chromium 
steels at various temperatures and chloride concentrations. All the electrochemical 
measurements were performed at 25 and 75 °C with addition of 0, 10 and 20 g/L NaCl in 
0.01 M hydrochloric acid solution. Surface measurement techniques such as SEM, EDS, 
and AFM were applied for morphological analysis of the corrosion products. The results 
showed that both temperature and chloride concentration had significant effects on 
corrosion parameters; however, these effects on the corrosion rates in the presence of 
elemental sulfur were significantly higher than those in the presence of an iron sulfide 
layer or without any initial deposited layer on the sample surface. Environmental 
variables, such as temperature and chloride concentration have an important role on the 
corrosion resistance of 13% chromium steel which can indicate either protective or 
destructive effects on the corrosion behavior of steel. 
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4.1. Introduction 
Among all types of Corrosion Resistant Alloys (CRA) used in today, oil and gas industry, 
martensitic stainless steels (MSS) are some of the most reliable and applicable ones. 
These steels have a great CO2 corrosion resistance due to the addition of a minimum of 
11% chromium content to their composition. NACE and American Petroleum Institute 
(API) standards suggest a number of MSS for oil and gas industry applications; among all 
of them, 13% chromium steel is the most recommended [1].  
All types of 13% chromium steels are categorized into two general groups: conventional 
and modified. Conventional 13% Cr steels (13Cr) are the most applicable ones in oil and 
gas some of which are CA6NM (UNS J91150), AISI 410(UNS S41000), and AISI 420 
(UNS S42000). These alloys meet all the needs of wellhead, tubular, and downhole 
components except resistance to cracking in H2S containing environments [2]. Modified 
13% Cr (M13Cr) steels came from the need for increased corrosion resistance at higher 
temperatures, H2S cracking resistance, and yield strength above 85 ksi (586 MPa), 
primarily for tubular goods and other downhole equipment. These features were provided 
by the addition of nickel (Ni), molybdenum (Mo), copper (Cu), and other alloying 
elements to the conventional ones. M13Cr meets all the essential requirements of 
wellhead, tubular, and downhole components and also provides higher corrosion 
resistance than 13Cr up to approximately 350°F (177°C) and yield strengths up to 110 ksi 
(758 MPa) [1].  
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Due to the increase in the number of sour wells in today’s oil and gas industry, reservoir 
souring and related acidizing issues must be considered [3]. These issues would 
significantly affect the selection, application and performance of 13% Cr steels [4]. 
The corrosion of 13 % chromium steel in either sweet or sour condition, and of course the 
role of a passive film, a few nanometers layer which is thick and rich in chromium on the 
top surface, have been investigated from various aspects [4]–[6]. According to those 
investigations, one of the most effective factors in the corrosion process in oil and gas 
pipelines and especially in the sour ones, is the presence of deposited elemental sulfur 
produced by the H2S corrosion process in there [7]. It is known from prior research that 
the presence of dry elemental sulfur in contact with carbon steel is not considered as a 
corrosion threat to steel; however, by adding water to the system, the corrosion process 
may be dramatically accelerated [8]. A literature review has shown that the nature of H2S 
corrosion product layers controls the kinetics of this corrosion process from both phase 
type and morphology perspectives [9]. 
The following equations are usually the main sources of producing elemental sulfur in an 
aqueous system [10]: 
 
8 H2S (aq) + 16 M
n+
 (aq) → S8 (s) + 16 H
+
 (aq) + 16 M 
(n-1) 
(aq)                          (4.1) 
 8 H2S (aq) + 4 O2 (g) → S8 (s) + 8 H2O                                                                 (4.2)                                                            
 (1) 
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It is also known that an iron sulfide, FeS, layer is another main product of H2S corrosion 
which can initiate some localized corrosion due to its local breakdown on the surface 
[11]. This breakdown could have various environmental causes such as the presence of 
solids, chlorides, high velocity etc. Among these reasons, chloride ions can cause 
initiation of localized corrosion through the FeS layer on the steel surface and 
consequently pitting corrosion in the steel [9]–[12].  
Nose et al. proved that the corrosion resistance of M13% Cr steel is highly affected by 
the chloride content [13]. Evans et al conducted long-term H2S corrosion tests of carbon 
steel, 13% Cr steel and a few other stainless steels to study their resistance to corrosion in 
various environmental conditions [14]. Although this study was almost comprehensive, 
due to the numerous considered stainless steel and environmental conditions, it is often 
difficult to utilize for practical situations. Zhao et al. reported that at 90 °C, the corrosion 
was controlled by the activation process; thereby, 13Cr steel was susceptible to localized 
attack while at 150 °C a passive layer mixing with corrosion products formed a covering 
layer, and the corrosion behavior indicated a uniform corrosion [15]. However other 
research by Yin et al. showed numerous corrosion micro-pits on the localized sites of 
corrosion product layers of 13Cr steel at 160 °C [16].  
The overall objective of this research is to study the effect of a deposited elemental sulfur 
and FeS layer on the electrochemical behavior of 13% chromium steel with particular 
emphasis on the role of temperature, chloride concentration and morphological 
characterization of corrosion products. 
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4.2. Experimental procedure 
4.2.1. Material and sample preparation 
According to the industrial partner’s request, the corrosion samples were made from 
conventional 13% Cr steel. Table 4.1. indicates the composition of grade 420 chromium 
stainless steel.  
      Table 4.1. The chemical composition of conventional 13% Cr stainless steel 
grade 420 
C Cr Mn Si P S V Fe 
0.15 12 0.22 0.3 0.014 0.0035 0.041 Bal. 
 
       
        
The working electrode was machined from the parent material into cylinders having 
dimensions of approximately 9 mm length and 9 mm diameter. Prior to the experiments, 
all specimens were polished with Coated Abrasive Manufacturers Institute (CAMI) grit 
designations 320, 600, 1000 corresponding to average particle diameters 36.0, 16.0, and 
10.3 microns and finally 6-micron grit silicon carbide paper, and then cleansed with 
deionized water until a homogeneous surface was observed. Following this the specimens 
were quickly dried using cold air to avoid oxidation. 
Three groups of samples were prepared to investigate the effect of deposited corrosion 
product layers on the electrochemical behavior of conventional 13% Cr steel. The 
corrosion behavior of the first group of samples was analyzed while its top surface was 
exposed to the solution with no initial corrosion product layer on it. Different chloride 
 78 
 
 
concentrations of 0, 10 and 20 g/L NaCl were used in a 0.01 M hydrochloric acid solution 
with pH 2 at 25°C and 75°C.  
For the second group of samples, the corrosion behavior was analyzed with the same 
experimental condition, 0, 10 and 20 g/L NaCl in a 0.01 M hydrochloric acid solution 
with pH 2 at 25°C and 75°C, while the working electrode was covered with a thin iron 
sulfide corrosion layer, FeS layer, synthesized by an acidic chemical bath [17], [18]. The 
mechanism of FeS formation in this acidic bath is the slow release of iron and sulfur ions 
within the solution followed by the deposition of these ions on the alloy surface. The iron 
and sulfur ions are provided from iron (II) chloride and thioacetamide respectively. The 
formation of FeS film from this acidic bath is dependent on whether the deposition rate of 
the ionic product of iron and sulfur is higher than the rate of solubility of FeS. Adding 
urea to the solution adjusted the balance between hydrolysis and deposition. The 
proposed reactions for this mechanism are described as follows [19]: 
FeCl2 → Fe
2+ + 2 Cl−                                                                                                  (4.3) 
CH3CSNH2 + H2O ↔ S2−+ CH3CONH2 + 2H
+                                 
                                    (4.4) 
CO (NH2)2 + H2O ↔ 2NH3 + CO2                                                                               (4.5) 
NH3 + H2O ↔ NH4 
+ 
+ OH−                                                                                       (4.6) 
Fe
2+
 + S
2-
 ↔ FeS                                                                                                          (4.7) 
Finally, the overall reaction would be written as: 
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Fe
2+
 + CH3CSNH2 + CO (NH2)2 + 2H2O → FeS + CH3CONH2 + 2NH4 + CO2           (4.8) 
This series of experiments enabled the estimation of the effect of the deposited FeS layer 
on the electrochemical and corrosion behavior of 13% Cr stainless steel in the presence of 
various chloride concentrations. 
Finally, the electrochemical behavior of the third group of samples was analyzed with the 
same experimental condition, different chloride concentrations of 0, 10 and 20 g/L in a 
0.01 M hydrochloric acid solution with pH 2 at 25°C and 75°C, while the working 
electrode was covered by sublimed elemental sulfur 99.9999% (ACROS) [20]. These 
experiments indicated the effect of deposited elemental sulfur on the electrochemical and 
corrosion behavior of 13% Cr stainless steel with the presence of various chloride 
concentrations.  
4.2.2. Corrosion measurements 
Electrochemical corrosion measurements, and in particular, Linear Polarization 
Resistance (LPR), provide information about the corrosion rate of an electrochemical 
system [21]. In this method the polarization curves represent the evaluation of current 
density (i) developed on the steel surface as a function of the applied potential (E). The 
current density is directly related to the nature and the rate of electrochemical reactions 
which occur at the interface between the steel surface and the aggressive solution.  
During this study, corrosion and electrochemical experiments were conducted in a multi-
port glass cell with a three electrodes setup, at atmospheric pressure based on the ASTM 
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G5-82 standard for potentiodynamic anodic polarization measurements [22]. The applied 
sweep rate for these measurements was 0.5mV/s. An Ivium Compactstat Potentiostat 
monitoring system was used to perform electrochemical corrosion measurements. The pH 
was adjusted at 2 by adding deoxygenated hydrochloric acid. 
Hence the polarization resistance is the ratio of the applied potential and the resulting 
current level, A small potential in the range of ±6  mV (which does not affect the natural 
corrosion process) with respect to the open circuit potential (OCP) and a scan rate of 
0.125 mV/s, was applied between the elements and the resisting current was measured. 
This resistance can then be used to find the corrosion rate of the sample using the Stern-
Geary equation [21].  The values of anodic (βa) and cathodic (βc) Tafel slopes of the 
samples of each experiment were obtained as well and then applied to calculate the final 
corrosion rate [18]. 
During the electrochemical measurements, a graphite rod was used as the counter 
electrode (CE) while saturated silver/ silver chloride (Ag/AgCl) was installed as the 
reference electrode (RE) and conventional 13% Cr steel samples were chosen as working 
electrodes (WE).  
With regard to the high susceptibility to breakdown of corrosion product layers on the 
working electrode surface, the pitting tendencies of specimens in the given metal-solution 
system were measured using the cyclic polarization technique. Cyclic polarization is a 
type of polarization method which is performed in a cyclic manner. The potential is 
swept in a single cycle (or slightly less than one cycle), and the size of the hysteresis is 
 81 
 
 
examined along with the differences between the values of the starting open circuit 
corrosion potential and the return passivation potential. The existence of the hysteresis is 
usually indicative of pitting, while the size of the loop is often related to the amount of 
pitting [23]. Materials exhibiting higher values of pitting potential (EP) and protection 
potential (Epro) are more resistant to pitting corrosion, and cyclic polarization experiments 
are commonly used for the purpose of selecting these materials [23]. Cyclic 
potentiodynamic polarization was performed by starting from a negative potential at -200 
mV of corrosion potential (Ecorr) with a sweep rate of 0.125 mV/s.  
4.2.3. Surface morphological observation and corrosion product analysis 
Upon completion of corrosion testing, morphological characterization of the surface was 
conducted using an FEI Quanta 400 scanning electronic microscope (SEM) with Bruker 
energy dispersive X-ray (EDS) spectroscopy. The SEM was operating at 15 kV, with a 
working distance of 15 mm, and beam current of 13 nA. Also an MFP-3D Atomic Force 
Microscope (AFM) was used to obtain more information about the corrosion products 
features and surface roughness on the samples surface.  
4.3. Results 
4.3.1. Corrosion measurements 
The significant corrosion parameters such as the corrosion potential (Ecorr), the pitting 
potential (Epit) and the passive current density (I pass) were obtained to investigate the 
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effect of deposited corrosion product layers on the electrochemical behavior of 
conventional 13% Cr steel exposed to a chloride containing environment [23]. 
The cyclic polarization curves of the first group of samples with different chloride 
concentrations of 0, 10 and 20 g/L NaCl in 0.01 M hydrochloric acid solution with pH 2 
at 25°C are shown in Figure 4.1.  
 
Figure 4.1. Cyclic polarization curves of the first group of samples with the addition of 0, 10 and 20 
g/L NaCl at 25°C. 
 
It can be seen that the corrosion potential (Ecorr) and pitting potential (Epit) shifted to a 
negative direction with an increase of chloride concentration which induced the chloride 
concentration effect on the pitting corrosion of 13% chromium steel. Also, the increase of 
current density was observed by the addition of 20 g/L NaCl to the solution which 
represents the increase of corrosion rate on the sample surface as well. As the chloride 
concentration increased from 0 to 20 g/L, the current begins to increase with potential. 
Such increase in current may be due to localized breakdown of the passive film by 
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anions, especially chloride ions [11]. The presence of these anions in the solution induced 
localized dissolution of the passive oxide film in the weak spots on the surface and 
gradually leading to exposure of the underlying sample surface that can cause the 
increase of the anodic current and so the formation of pits. Consequently as shown in 
Figure 4.2. the passive current density (I pass) increased by the addition of chloride ions, 
which indicates the effect of the chloride ions on the acceleration of the reaction activity 
and eventually reduction of the pitting resistance of steel [16].  
 
Figure 4.2. Corrosion potential (Ecorr), pitting potential (Epit) and passive current density (Ipass) in 
cyclic polarization curves of the first group of samples with the addition of various chloride 
concentrations at 25°C. 
 
 
Figure 4.2. shows that the corrosion potential (Ecorr) slightly shifted to the negative 
direction with an increase of chloride concentration and induced the susceptibility of 
chloride ion to be the main cause of localized corrosion of 13% Chromium steel [9]. 
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The cyclic polarization curves of the first group of samples at 75°C are shown in Figure 
4.3.  
 
Figure 4.3. Cyclic polarization curves of the first group of samples with the addition of 0, 10 and 20 
g/L NaCl at 75°C 
 
It is clear that the curves are closer to each other at 75 °C compared to the ones at 25 °C, 
which means the effect of chloride concentration might be less than the sole effect of 
temperature. The corrosion potential (Ecorr) shifted to a negative direction with an 
increase of chloride concentration and the size of the hysteresis loops slightly increased 
compared to that at 25 °C. Hysteresis, in the case of corrosion phenomena, describes an 
attribute of the polarization measurements in which the forward and reverse directions of 
the scan do not cover each other [24]. The size of the pitting loop provides a fair 
estimation of pitting tendency; a larger loop indicates a greater tendency to pitting due to 
the greater disruption of surface passivity and also a higher risk of localized corrosion 
[23]. Comparison of the size of the hysteresis in Figure 4.1 and 4.3, clarified that change 
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of the temperature in the constant experimental conditions can affect the passivation 
behavior of samples and their resistance to the anions, however, this effect does not 
follow a certain algorithm and affects all the corrosion parameters individually. For 
instance, despite the change of the hysteresis loop at 75 °C with 20 g/L NaCl, the 
corrosion potential does not increase and remains close to its value at 25 °C with 20 g/L 
NaCl. Figure 4.3. Shows a general corrosion occurred at the beginning of the 
measurement and gradually by addition of chloride ions to the solution, caused the 
formation of a small passivation region in the cyclic polarization curves with 10 and 20 
g/L NaCl in the solution.   
The cyclic polarization curves of the second group of samples, covered with a thin layer 
of iron sulfide, in 0.01 M hydrochloric acid solution with pH 2 at 25°C are presented in 
Figure 4.4.  
 
Figure 4.4. Cyclic polarization curves of the second group of samples with the addition of 0, 10 and 
20 g/L NaCl at 25°C 
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According to the results of previous studies by the authors, an iron sulfide scale protects 
the surface and decreases the corrosion rate under certain conditions. This scale forms a 
protective barrier which slows down the corrosion process by covering and preventing 
the sample surface from further dissolution [17], [18], however, comparison of cyclic 
polarization curves with no deposited iron sulfide layer, Figure 4.1, and with the presence 
of deposited iron sulfide on the samples surface, Figure 4.4, showed that the deposited 
layer can affect the passivation behavior negatively.  Figure 4.4. indicates that addition of 
chloride ions to the solution caused a considerable change in the size of the hysteresis 
loops of cyclic polarization curves. As described previously, the size of the pitting loop is 
a rough indication of pitting tendency: the larger the loop, the greater the tendency to 
pitting. This increase in pitting tendency might be related to formation of some chloride-
containing composition, for example a layer of iron chloride [FeCl2] on the sample 
surface, which is an acidic layer that affects the stability of the FeS layer and may 
increase the corrosion process by enabling the anodic reaction to continue. This 
destructive iron chloride layer significantly decreases the protective feature of the iron 
sulfide layer at a low temperature [25]. Further analysis has been done by EDS and SEM 
in the surface morphology section. 
As shown in Figure 4.5, before the addition of chloride ions, the value of pitting 
potentials was the same as corrosion potential and consequently a low tendency for 
pitting in that case [23], however, after the addition of 10 and 20 g/L NaCl to the 
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solution, the corrosion and pitting potential gradually increased on the sample surface. 
Also, current density significantly increased through the sample surface may be due to 
the increase of solution conductivity by the addition of chloride ions to the solution 
beside the deposited iron sulfide layer on the surface [9]. 
 
Figure 4.5. Corrosion potential (Ecorr), pitting potential (Epit)and passive current density (Ipass) in 
cyclic polarization curves of the second group of samples with addition of various chloride 
concentrations at 25°C. 
The cyclic polarization curves of the second group of samples at 75°C are shown in 
Figure 4.6. 
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Figure 4.6. Cyclic polarization curves of the second group of samples with the addition of 0, 10 and 
20 g/L NaCl at 75°C 
Authors’ previous studies showed that in the presence of an FeS layer on the sample 
surface, an increase of temperature could affect the spreading of involved species in 
electrochemical reactions by evaporating one or more species out of the solution, which 
can directly affect the corrosion reaction [17], [18]. By increasing the temperature, the 
general current density in the cyclic polarization curve of 0 g/L NaCl has slightly 
increased which accelerates the reaction activity and reduces pitting resistance which can 
lead to an increase in the size of the hysteresis loop, particularly before the addition of 
chloride ions. Therefore, it could be concluded that in the presence of an FeS corrosion 
layer on the sample surface, the effect of temperature is more significant than the effect 
of chloride ions concentration in the solution; however, the presence of chloride can 
certainly affect FeS layer stability and its behavior during an anodic reaction as well [25]. 
Also the current densities were shifted to higher values as the temperature increases 
which indicated a small passivation region for sample at 10 g/L NaCl and 20 g/L NaCl.   
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The cyclic polarization curves of the third group of samples, Covered with a thin layer of 
elemental sulfur, in 0.01 M hydrochloric acid solution with pH 2 at 25°C are presented in 
Figure 4.7.  
 
 
Figure 4.7. Cyclic polarization curves of the third group of samples with the addition of 0, 10 and 20 
g/L NaCl at 25°C 
 
Generally, at the start of the measurements, no chloride ions in the solution, the corrosion 
potential was neglectable and sample was passivated. By the addition of chloride ions to 
the solution, the corrosion potential slightly shifted to the negative direction; however, it 
was directed in a different way after addition of 10 g/L NaCl. In this case, at the 
beginning, the general corrosion tendency and pits propagation increased and a quite 
large hysteresis loop was formed. During the cathodic direction the corrosion potential 
slightly decreased and consequently shifted to the positive direction at the end of the 
curve. These observations are all related to the formation of a passive layer and its 
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
1E-09 0.0000001 0.00001 0.001 0.1
P
o
te
n
ti
al
 v
s.
 A
g/
A
gC
l, 
V
 
Current density (A/cm2) 
0 g/L NaCl
10 g/L NaCl
20 g/L NaCl
 90 
 
 
dissolution, which determine the effect of the passive process on the corrosion behavior 
of the sample [16]. After the addition of 20 g/L NaCl to the solution, despite a negative 
increase of the corrosion potential from -0.29 to -0.57 V, the hysteresis loop became 
smaller and the pitting tendency decreased on the sample surface. However in this case 
with regard to the high values of current density, there is no chance of repassivation on 
the sample surface. This could happen due to the adsorption of chloride ions which 
generated a mass transfer barrier to the corrosive species, such as elemental sulfur on the 
surface [9]. As shown in Figure 4.8. the general pitting tendency slightly decreases by the 
addition of 20 g/L NaCl; however, there was not a strong chance of passivation process 
on the sample surface due to the high values of current densities.  
 
Figure 4.8. Corrosion potential (Ecorr), pitting potential (Epit), protection potential (Epro), ∆E and 
passive current density (Ipass) in cyclic polarization curves of the third group of the samples with 
addition of various chloride concentrations at 25°C 
 
The cyclic polarization curves of the third group of samples at 75°C are shown in Figure 
4.9. It can be observed that addition of chloride ions to the solution shifted the corrosion 
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potential to the negative direction and slightly increased the current density which 
ignored the idea of passivation behavior in this regions, however, due to the presence of a 
small hysteresis, the increase in current density at higher potentials is attributed to 
initiation of the pitting or crevice corrosion on the surface but not its propagation [9].   
 
Figure 4.9. Cyclic polarization curves of the third group of samples with the addition of 0, 10 and 20 
g/L NaCl at 75°C 
 
Figure 4.9 indicates that in the presence of elemental sulfur, the role of temperature is 
more significant compared to its role in the first group, where the sample surface was not 
covered by any initial layer. The comparison of the hysteresis at 25 and 75°C with 
addition of 20 g/L NaCl in Figure 4.9, illustrated that in the presence of elemental sulfur, 
temperature affect the passivation behavior with increasing the values of current densities 
through the anodic reactions.  
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4.3.2. Surface morphological observations and corrosion product analysis 
The SEM micrographs of the corrosion product layers on the surface of the first group of 
samples, are shown in Figure 10. As it is illustrated in Figure 4.10 a and d, there is few 
localized corrosion on the samples surface due to the presence of chloride ions in the 
electrolyte solution. By the increase of chloride concentration gradually small pits 
initiated and propagated on the surface, Figure 4.10 (b), (c), (e) and (f). The aggressive 
species such as Cl
-
 ions rapidly transferred to the metal surface, attacked the local 
corrosion products and created small pits [11].  
 
Figure 4.10. SEM micrograph of the corrosion product layers on the surfaces of the first group of 
samples at 25°C with (a) 0, (b) 10 and (c) 20 g/L NaCl and also at 75°C with (d) 0, (e) 10 and (f) 20 
g/L NaCl 
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These small pits will grow and increase the current density through the sample surface; 
however, some of them will be repaired and passivated by the formation of corrosion 
products, as shown in Figure 4.10 e and f [25], [26]. According to Figure 4.10 there are 
not too many deposited corrosion products on the first group of samples and the few 
formed ones should be the products of oxidation reactions during different experimental 
conditions. The EDS analysis will describe these products in the following sections. 
Figure 4.11 presents the SEM micrograph of the corrosion product layers on the surface 
of the second group of samples, where the samples’ surfaces were covered with a very 
thin FeS layer deposited from an acidic chemical bath. More corrosion pits were formed 
on the surface of the samples in the second series compared to the first one, as shown in 
Figure 4.11 (e) and (f), which illustrated that the presence of deposited iron sulfide layer 
on the surface can increase the aggressiveness of the environment and adsorb more anion 
such as chloride, through the surface which will induce the formation of iron chloride 
[FeCl2] on the surface of the samples. When the temperature reaches 75 °C, the corrosion 
product layers are almost stable, so some of the formed micro-pits on the surface do not 
easily repair themselves and so would continue to nucleate and grow through the layers 
which caused the increase of pitting tendency. The SEM analysis of the second group of 
samples confirms the results of cyclic polarization measurements, that in the presence of 
an FeS corrosion layer on the sample surface, the effect of temperature is more 
significant than the effect of chloride ions’ concentration in the solution; however, it has 
been proved that the presence of chloride can certainly affect FeS layer stability and its 
behavior during an anodic reaction [18]. According to previous studies, formation of a 
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layer of iron chloride on the sample surface can affect the stability of the FeS layer on the 
corroded steel and enables the anodic reaction to continue [25].  
 
Figure 4.11. SEM micrograph of the corrosion product layers on the surfaces of the second group of 
samples at 25°C with (a) 0, (b) 10 and (c) 20 g/L NaCl and also at 75°C with (d) 0, (e) 10 and (f) 20 
g/L NaCl. 
 
The SEM micrograph of the corrosion product layers on the surface of the third group of 
samples where the samples’ surfaces were covered with sublimed elemental sulfur, are 
shown in Figure 4.12.  
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Figure 4.12. SEM micrograph of the corrosion product layers on the surfaces of the third group of 
samples at 25°C with (a) 0, (b) 10 and (c) 20 g/L NaCl and also at 75°C with (d) 0, (e) 10 and (f) 20 
g/L NaCl 
 
It can be observed that in Figure 4.12 (a) and (d), the presence of elemental sulfur on the 
top surface of samples affects formation of the corrosion products and onset of crack 
initiation, which seem to be accelerated by the increasing temperature [27]. Figure 4.12 
(e) and (f) show that the addition of salt to the solution gradually increases the pitting 
tendency and disturbs the formation trend of passive layers or accelerates the cracking of 
passive layers, both of which result in a serious attack. Comparison of Figure 4.12 (b), 
(c), (e) and (f) indicates that the passivation process has more chance to occur at lower 
temperature, 25° C, where the corrosion product layer can easily repair itself and protect 
the sample surface from further corrosion. However, at higher temperature, 75°C, the 
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passive layer is more firm, which makes it difficult to completely dissolve the salts from 
the sample surface and repair itself, and so there would be more chance for micro- pits to 
grow through the corrosion product layer and break it down. 
The EDS analysis of all the groups of samples with the highest chloride concentration at 
75°C are presented in Figure 4.13.  
 
Figure 4.13. EDS analysis of the samples with the highest chloride concentration of (a) first, (b) 
second and (c) third groups at 75°C 
 
For the samples covered with elemental sulfur, compared to the other two groups of 
samples, the stability of corrosion products significantly decreases, which could be due to 
the presence of a large amount of oxygen and chlorine on the sample surface. This 
decrease in the amount of precipitation particles on the surface might be also related to a 
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decrease of the scaling tendency, the precipitation rate of the scale being divided by the 
corrosion rate, of samples in the presence of elemental sulfur [12], [28]. In this case 
corrosion products are more able to dissolve into the solution instead of creating 
precipitation on the samples’ surface. This fact also highlighted the important role of Cl- 
ions in diminishing the formation trend of passive layers or accelerating the cracking of 
passive layers [16]. By initiation of cracks through the corrosion product layers, a higher 
corrosion rate will occur because of the increased mass transfer of species through the 
damaged area and propagation of the localized corrosion. Many locations were observed 
with pit penetration rates of up to 4.5 mm/year on the samples covered with elemental 
sulfur with 20 g/L NaCl in the solution at 75°C.  
Linear polarization resistance (LPR) tests were also conducted to measure the exact 
corrosion rate of the samples. Figure 4.14 indicates the corrosion rate of each group of 
samples based on the added chloride concentration during each test.  The results indicate 
that the corrosion resistance of 13Cr stainless steels is reduced with an increase of 
temperature, which is in accordance with the research by Miyata et al. [29] and Kermani 
et al. [30]. In addition it can be found that in the presence of elemental sulfur on a sample 
surface, as in the third group of samples, the effect of the increasing temperature is more 
significant than in other cases, Figure 4.14 (c). Also in this case it seems that the 
corrosion product layer at 25°C is more protective than the corrosion product layer 
formed at 75 °C due to the corrosion product’s stability at the lower temperature [28]. 
Increasing the chloride concentration would gradually affect the transportation of 
aggressive species during the corrosion process and make an increase in the general 
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corrosion rate. It can also be found that the highest corrosion rates at 25 °C were 
observed in the presence of a FeS layer on the samples surfaces, which are 0.327, 0.403 
and 0.576 by the addition of 0, 10 and 20 g/L NaCl respectively, Figure 4.14 (b). These 
results confirmed the observation of the previous section about the effect of chloride on 
the stability of a protective FeS layer. It is interesting that in the presence of elemental 
sulfur and with the addition of 10 g/L NaCl to the solution at 25°C, the corrosion rate of 
the sample is lower than all the other ones, which might be due to the passivation process 
on the sample surface, as discussed in the cyclic polarization section. 
 
Figure 4.14. Corrosion rates of the samples with the highest chloride concentration of (a) first, (b) 
second and (c) third groups at 25 and 75°C 
 
The surfaces of samples with the highest chloride concentration at 75°C were analyzed 
by atomic force microscopy (AFM) to investigate the surface texture as shown in Figure 
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4.15.  According to the American National Standards Institute’s B46.1 specification, 
surface texture is the repetitive or random deviation from the normal surface that forms 
the three-dimensional topography of a surface [31]. Surface texture is an important issue 
when the main interest is to understand the nature of surfaces. It also has a significant 
role in the functional performance of corrosion layers on the steel surface [32].  The 
roughness can be characterized by several parameters such as Roughness average (Ra) 
and Root mean square roughness (RMS). Ra is the arithmetic mean of the absolute value 
of the height of the surface profile while RMS is the mean squared absolute values of the 
surface roughness profile [32], which is more sensitive to peaks and valleys than the 
average roughness due to the squaring of the amplitude of its calculation.  
 
Figure 4.15. AFM of the samples’ surfaces with highest rates of corrosion, (a) sample with no initial 
layer, (b) sample with an FeS layer, (c) sample with the elemental sulfur layer and (d) the root mean 
square roughness of samples 
The RMS values in Figure 4.15 (d) suggest that roughness of the surface slightly 
increases when the corrosion products which are underneath the existing layer lift and 
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damage the initial layer due to the internal stresses. This confirms the results of corrosion 
rates measurements and SEM analysis on the samples. Based on the results of AFM, it 
can be deduced that a rough surface with weak discontinuous corrosion product layers 
was formed on the surface of samples in the presence of elemental sulfur, Figure 4.15 (c), 
that has the highest roughness of 112.846 nm, and also the minimum of protection for the 
substrate surface, according to the results of LPR measurements of corrosion rates. 
4.4. Conclusion 
From the conducted electrochemical measurements and morphological analysis on 13% 
Cr steel, the following conclusions can be made: 
In general, the presence of FeS and elemental sulfur deposited layers on the surface of 
13% Cr steel will increase the corrosion rate, especially at a high temperature. 
The role of temperature in corrosion mechanisms is more significant than the role of 
chloride concentration in the presence of a deposited FeS layer on the 13% Cr steel 
surface. 
In the presence of deposited elemental sulfur, the roughness of the corrosion product 
layers is higher compared to that in the presence of deposited FeS layer or in the case of 
no initial deposited layer. 
In the presence of deposited elemental sulfur, the scaling tendency on the sample surface 
significantly decreases compared to scaling in the presence of deposited FeS layer or 
cases with no initial deposited layer. 
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5. DEVELOPMENT OF ANALYTICAL MODELS FOR PREDICTION OF 
CORROSION RATE OF 13% CHROMIUM STEEL EXPOSED TO 
DIFFERENT ENVIRONMENTAL CONDITIONS 
 
Preface 
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Engineering Science and Researches, (GJESR). I am the primary author of this paper, 
along with the co-authors, John Shirokoff. I conducted the literature review and proposed 
the outline of the experiments, analysis procedure and modeling methods. I conducted 
most of the experiments and corrosion measurements. I’ve conducted the modeling part 
and prepared the first draft of the manuscript and subsequently revised the manuscript 
based on the co-author’s feedbacks and also the initial feedbacks from the journal 
reviewers. The co-author John Shirokoff helped in analyzing the final results, and 
contributed in preparing, reviewing and revising the manuscript.  
 
Abstract 
This chapter, by experimentally investigating the influence of different corrosion product 
layers on the corrosion resistance of 13% chromium steel in HCl solution, describes the 
level of the corrosion rates induced by deposited iron sulfide and elemental sulfur layers 
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on the steel surface. In order to facilitate the experiment numbers, three analytic 
prediction methods, which are the optimal solution, curve fitting and artificial neural 
network, were applied to predict the corrosion rates of 13% chromium steel. Results 
showed that the fitness between measured and predicted corrosion rates by curve fitting 
indicates a good correlation between experiments and developed model, however, the 
minimum deviation from the measured data was obtained with artificial neural network 
model which is insignificant compared to the deviation of the two other models. 
Keywords 
13% chromium steel, Neural Network, Iron sulfide, Elemental sulfur, Corrosion 
5.1.Introduction 
Corrosion, either sweet corrosion generated by CO2 or sour corrosion generated by H2S 
[1], is realized as a main issue that the oil and gas industry are faced with. During the 
production stage, pipelines and other equipment will be corroded due to the reactions 
between CO2, H2S and Fe [2]. Pipelines designed to withstand 50 years of operation, 
however, under a “worst case” general corrosion rate may fail after a few months of 
operation due to localized corrosion. Loss of containment from a pipeline failure is a 
costly event as it would cause an emergency shutdown in the production of oil and gas, 
an emergency repair of the pipeline, and probably an environmental cleanup at the leak 
site [3]. In an effort to minimize pipeline failures and loss of containment, companies 
around the world in the oil and gas industry sponsor research programs focused on better 
prediction methods and better mitigation methods of localized corrosion. Normally, 
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prediction of these two kind of corrosion, in order to estimate the equipment lifetime, are 
not a simple step because the general understanding of the corrosion mechanism, 
especially in a certain environmental conditions, is usually below the required level to 
predict the accurate corrosion rate [4]. Depending on the environmental conditions, such 
as temperature and pH, the rate of these reactions will vary which determine the rate of 
corrosion process. In the literature, a number of research studies the prediction of the 
corrosion rate in sweet oilfields that can be classified in three general groups: 
mechanistic, semi-empirical and empirical models [2], [4], [5]. Among these models, by 
utilizing a large number of experimental CO2 corrosion data, it was shown that the 
empirical model, especially one based on the Artificial Neural Network (ANN), has the 
highest accuracy of corrosion rate estimation, while the lowest accuracy belongs to the 
mechanistic model [4].  
In the case of sour corrosion, it is well known that the corrosion products such as iron 
sulfide, formed on the steel surface immediately after a small concentration of H2S is 
introduced into the system which determine the corrosion pattern with regard to the 
environmental conditions [6], [7]. Generally it was found that formation of corrosion 
products on the steel surface significantly affect the estimation of upcoming corrosion 
process and consequently the prediction of final corrosion rate [8].To estimate the 
corrosion induced by sour corrosion products, despite many studies and proposed 
mechanistic models that have appeared in the literature, there is still lack of a reliable and 
accurate predictive model which can predict the corrosion rate in the presence of H2S 
corrosion products on the steel surface [9]–[11], [6]. The most recent research in this area 
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showed that the developed corrosion models by ANN have indicated the highest accuracy 
among all other predicted models [1], [12], [13]. 
The corrosion of 13 % chromium steel, one of the most common martensitic steel in oil 
and gas applications, in either sweet or sour condition, have been investigated from 
various aspects [14]–[16]. According to those investigations, one of the most effective 
factors in the corrosion process in oil and gas pipelines and especially in the sour ones, is 
the presence of deposited elemental sulfur produced by the H2S corrosion process [17]. It 
is known from prior research that the presence of dry elemental sulfur in contact with 
carbon steel is not considered as a corrosion threat to steel; however, by adding water to 
the system, the corrosion process may be dramatically accelerated [18]. A literature 
review has shown that the nature of H2S corrosion product layers controls the kinetics of 
this corrosion process from both phase type and morphology perspectives [6]. 
As aforementioned issues above, in this study we are motivated to propose several 
analytic approaches to predict the corrosion rate of 13% chromium steel in a simulated 
sour environment by considering the presence of various sour corrosion product layers on 
the surface of steel, which can be named as optimal solution, curve fitting and ANN. In 
this way, the optimal solution assumes the measured corrosion rate as an output of an 
initial function, therefore, solver strives to find appropriate coefficients for the initial 
function to minimize its error, then this initial function accuracy is improved and can be 
used for estimation purposes [19]. In the next proposed model, which is based on curve 
fitting, the measured corrosion rates in 2-D space plotted and curve fitting utilized to 
capture a polynomial. Thus, the obtained polynomial in proportion to input can estimate 
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the corrosion rates. The finial-applied approach in this study is ANN. An ANN is an 
information-processing pattern that is inspired by the brain’s processing information 
system. [20]. The utilized pattern in ANN is composed of various layers, which can be 
classified in the following layers: input, hidden and output layers. Hidden layers are 
always formed from a number of hidden neurons whose output is connected to the inputs 
of other neuron and is therefore not visible as a network output. Typically ANN comprise 
some form of learning rules that mutate the weights of the connections between the 
layers. In the following section, the capability of each model in estimation of the 
corrosion rates based on environmental conditions will be discussed.  
5.2. Material and methods 
5.2.1. Material and sample preparation 
According to industrial partner’s request, the corrosion samples were made from 
conventional 13% Cr steel. Table 5.1 indicates composition of grade 420 chromium 
stainless steel. The working electrode was machined from the parent material into 
cylinders having dimensions of approximately 9 mm length and 9 mm diameter. It should 
be noted, prior to perform the experiments all specimens were polished with Coated 
Abrasive Manufacturers Institute (CAMI) grit designations 320, 600, 1000 corresponding 
to average particle diameters 36.0, 16.0, and 10.3 microns and finally 6 micron grit 
silicon carbide paper, and then cleansed with deionized water until a homogenous surface 
was observed. Thereafter, to avoid oxidation, the specimens were quickly dried by using 
cold air. 
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Table 5.1. The chemical composition of conventional 13% Cr stainless steel grade 420 
C Cr Mn Si P S V Fe 
0.15 12 0.22 0.3 0.014 0.0035 0.041 Bal. 
 
5.2.2. Corrosion measurements 
To investigate the effect of different corrosion product layers on electrochemical 
behavior of conventional 13% Cr steel, three series of experiments with consideration of 
different environmental conditions were conducted. In the first series of experiments the 
corrosion behavior of each sample was analyzed while its top surface was exposed into 
the electrolyte solution, 0.01 M hydrochloric acid, without any initial cover on it (i.e. no 
initial corrosion product layer), with different environmental conditions. Table 5.2 listed 
the experimental conditions in first series of the experiments. 
Table 5.2. The experimental conditions in first series of the experiments 
Series #1 
Sample No 
1 2 3 4 5 6 7 8 9 10 11 12 
T (◦C) 25 25 25 75 75 75 25 25 25 75 75 75 
NaCl (g/L) 0 10 20 0 10 20 0 10 20 0 10 20 
pH 2 2 2 2 2 2 4 4 4 4 4 4 
 
In the second series of the experiments, behavior of corrosion was analyzed while the 
working electrode were initially covered by a thin iron sulfide corrosion layer (i.e. FeS 
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layer) synthesized by an acidic chemical bath [21]. The mechanism of FeS formation in 
this acidic bath is composed of first the slow release of iron and sulfur ions within 
solution and then the deposition of these ions on the alloy surface. The iron and sulfur 
ions are provided from iron (II) chloride and thioacetamide, respectively. The formation 
of FeS film from this acidic bath is dependent on whether the deposition rate of the ionic 
product of iron and sulfur is higher than solubility of FeS or not. Adding urea to the 
solution adjusted the balance between hydrolysis and deposition. The proposed reactions 
for this mechanism is described as follows [22]: 
FeCl2 → Fe
2+ + 2 Cl−                                                                                               (5.1) 
CH3CSNH2 + H2O ↔ S2−+ CH3CONH2 + 2H
+      
                                                   (5.2) 
CO (NH2)2 + H2O ↔ 2NH3 + CO2                                                                             (5.3) 
NH3 + H2O ↔ NH4 
+ 
+ OH−                                                                                    (5.4) 
Fe
2+
 + S
2-
 ↔ FeS                                                                                                       (5.5) 
Finally, the overall reaction can be written as: 
Fe
2+
 + CH3CSNH2 + CO (NH2)2 + 2H2O → FeS + CH3CONH2 + 2NH4 + CO2       (5.6) 
This second series enabled the estimation of effect of deposited FeS layer on 
electrochemical and corrosion behavior of 13% Cr stainless steel in presence of various 
chloride concentration. Table 5.3 presents the experimental conditions in the second 
series of the experiments. 
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At the last series of experiments, the electrochemical behavior was analyzed while the 
electrode was initially covered by sublimed elemental sulfur 99.9999% (ACROS) [23]. 
This third series enabled the estimation of effect of deposited elemental sulfur on 
electrochemical and corrosion behavior of 13% Cr stainless steel in presence of various 
chloride concentrations. Table 5.4 indicates the experimental conditions in third series of 
the experiments. 
 
Table 5.3. The experimental conditions in second series of the experiments 
Series #1 
Sample No 
1 2 3 4 5 6 7 8 9 10 11 12 
T (◦C) 25 25 25 75 75 75 25 25 25 75 75 75 
NaCl (g/L) 0 10 20 0 10 20 0 10 20 0 10 20 
pH 2 2 2 2 2 2 4 4 4 4 4 4 
 
Table 5.4. The experimental conditions in third series of the experiments 
Series #1 
Sample No 
1 2 3 4 5 6 7 8 9 10 11 12 
T (◦C) 25 25 25 75 75 75 25 25 25 75 75 75 
NaCl (g/L) 0 10 20 0 10 20 0 10 20 0 10 20 
pH 2 2 2 2 2 2 4 4 4 4 4 4 
 
During this study, corrosion experiments were conducted in a multi-port glass cell with a 
three electrodes setup at atmospheric pressure based on the ASTM G5-94 standard for 
potentiodynamic anodic polarization measurements [21]. Linear polarization resistance 
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(LPR) technique was used to record the general corrosion rates after each experiments. 
The applied sweep rate for this measurements was 0.5mV/s. An Ivium Compactstat 
Potentiostat monitoring system was used to perform electrochemical corrosion 
measurements and record the final corrosion rates. The immersion time was 24 hours for 
each experiment, however, prior to start of each test the sample was immersed in the 
solution for 55 minutes accordance with ASTM G5-82 [21]. The pH was adjusted 2 and 4 
by adding deoxygenated hydrochloric acid. A graphite rod was used as the counter 
electrode (CE) and saturated silver/silver chloride (Ag/AgCl) was used as the reference 
electrode (RE) and as mentioned in material preparation section, the conventional 13% 
Cr steel samples was used as working electrodes (WE). Figure 5.1. illustrates our utilized 
experimental set up for corrosion measurements.  
 
Figure 5.1. The utilized experimental set up for corrosion rate measurements 
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5.2.3. Optimal solution 
The optimization was carried out using Microsoft Excel Solver software. Solver is part of 
a suite of commands with what-if analysis tools. Solver works with a group of cells that 
are related, either directly or indirectly, to the objective function equation in the target 
cell. Solver adjusts the values in the changing cells, called the adjustable cells to produce 
the result. Constraints are applied to restrict the range of values of the variables used in 
the objective function [19]. Microsoft Excel Solver tool uses the Generalized Reduced 
Gradient (GRG) non-linear optimization code to develop the optimal function [24]. 
5.2.4. Curve fitting  
The polynomial curve fitting is a common task for data analysts in many fields of 
material science [25], [26]. However widespread application is not common largely 
because the use of statistics requires specialist knowledge, and no reference standards 
exist. The standard method to fit a curve to data is to use the least squares method [27]. In 
this study, due to nonlinearity of measured corrosion rates, the coefficients of a 
polynomial function were founded out by curve fitting method. In this regard, the 
measured corrosion rates were plotted and obtained data from the polynomial function 
were fitted to the measured results. The typical form of the utilized polynomial function 
can be identified as:  
 y=m0 + m1 * x + m2 * x2 + m3 * x3 +...+ m9 * x9.                                                   (5.7)   
Where m is the coefficients of a polynomial function and x is the independent variable. 
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5.2.5. Neural networks modeling 
The most important stage in the creation of a network which enables the transfer of the 
input data into the output data, is the learning stage [28]. At this stage the networks 
parameters such as the network type, training algorithm and the number of neurons in the 
hidden layer of the network are modified to fit the experimental data. The number of 
input variables from experimental step will determine the number of input layer or in 
another words the number of input neurons and the number of output layers also come 
from the number of output variables in experimental step as well [29]. Designation of 
number of hidden layers between input and output layers is usually one of the most 
challenging part prior to create the networks because the increased number of hidden 
layers would not necessarily increase the networks efficiency and even may unfortunately 
decrease the speed of computing and make the networks much more complex. Therefore, 
the final efficiency of the networks would be directly affected by the interaction between 
neuron transfer functions and typical training patterns [4]. Further information regarding 
the ANN can be found in [20], [30]. Figure 5.2 outlines our utilized configuration to 
predict the single output, corrosion rate, based on the four input layers: corrosion product 
layer, pH, temperature and salt concentration, through the five hidden layers.  
 116 
 
 
 
Figure 5.2. The architecture of ANN used for predicting corrosion rate 
 
The designed network was trained by Levenberg-Marquardt algorithm, which is highly 
fast in computation, however, to reach the maximum performance it does require more 
memory in compared to the other available training algorithms [31]. Table 5.5 presents 
the specification of utilized ANN parameters for corrosion rate prediction purposes. 
 
Table 5.5. The specification of utilized ANN parameters 
Network Parameters Specification 
Hidden layer size a) 95, b) 85, c) 80, d) 40, e) 30 
Network type Feed-Forward 
Transfer function used at network layers Tangential-sigmoidal 
Performance function Least mean of squared errors 
Training algorithm  Levenberg-Marquardt 
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5.3. Results and Discussion 
5.3.1.Corrosion measurements 
The general Corrosion Rates (CR) from Linear Polarization Resistance (LPR) 
measurements are given in Table 5.6. According to this table, for the first group of 
samples, with absence of initial corrosion layer on top, it is clear that increase of 
temperature and chloride concentration increased amount of the corrosion rates, however, 
with increasing pH from 2 to 4 the corrosion rate slightly decreased which, might be 
related to the kinetics of precipitation and facilitate corrosion product layers formation, 
therefore, decreasing the corrosion rates expected [2]. For the second group of samples 
that were covered with a thin FeS layer, the corrosion rates are generally higher than the 
first group of samples. It is worth mentioning that similar to the first group of samples 
(i.e. with no initial corrosion layer) increase of temperature and chloride concentration 
increased the corrosion rates while increase of pH decreased the corrosion rates. In 
addition, it can be highlighted that the highest corrosion rate, 4.46 mm/ year, was 
observed in the presence of elemental sulfur at 75◦C after addition of 20 g/L NaCl to the 
solution at pH 4. 
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Table 5.6. The measured corrosion rates (CR) under different environmental conditions 
Series 
# 
T 
(◦C) 
NaCl 
(g/L) 
pH CR 
(mm/y) 
Series 
# 
T 
(◦C) 
NaCl 
(g/L) 
pH CR 
(mm/y) 
Series 
# 
T 
(◦C) 
NaCl 
(g/L) 
pH CR 
(mm/y) 
1 25 0 2 0.057 2 25 0 2 0.472 3 25 0 2 0.301 
1 25 10 2 0.169 2 25 10 2 0.705 3 25 10 2 0.246 
1 25 20 2 0.744 2 25 20 2 0.797 3 25 20 2 0.524 
1 75 0 2 0.263 2 75 0 2 0.989 3 75 0 2 0.908 
1 75 10 2 0.709 2 75 10 2 0.901 3 75 10 2 2.713 
1 75 20 2 2.078 2 75 20 2 2.879 3 75 20 2 4.987 
1 25 0 4 0.009 2 25 0 4 0.327 3 25 0 4 0.077 
1 25 10 4 0.028 2 25 10 4 0.403 3 25 10 4 0.019 
1 25 20 4 0.476 2 25 20 4 0.576 3 25 20 4 0.113 
1 75 0 4 0.056 2 75 0 4 0.849 3 75 0 4 0.554 
1 75 10 4 0.498 2 75 10 4 0.756 3 75 10 4 1.108 
1 75 20 4 1.828 2 75 20 4 2.406 3 75 20 4 4.46 
 
5.3.2. Optimal solution 
From Table 5.6, one can see that the final corrosion rate is sensitive to all experimental 
parameters, i.e. the corrosion product layer, temperature, pH and chloride concentration. 
The complex and obscure mechanism of each parameter affects the results in microscopic 
and macroscopic levels, makes algebraic expressions incapable of predicting the rate of 
corrosion in this study. Thus, the corrosion rate is assumed to be a transcendental 
function of all the experimental parameters that account for the sensitivity of the 
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corrosion rate to the all input parameters and their interactions. The initial utilized 
function is given by: 
𝐶𝑅 =  𝐿 (𝐹 +  𝑎)
𝑚 (𝑇 + 𝑏)𝑛 (𝑃 +  𝑐)𝑞 (𝐶 +  𝑑)𝑟                                       (5.8) 
Where F donates the film parameter, T is temperature parameter, P is the pH parameter 
and C is the chloride concentration parameter. 𝐿, 𝑎,  𝑚,  𝑏,  𝑛,  𝑐,  𝑞,  𝑑 and 𝑟 are the user 
defined coefficients, whose values obtained from the optimization procedure.  
The goal of optimization procedure is to minimize the sum of squares of residuals. By 
choosing the initial value of 1 for 𝐿, 𝑚, 𝑛, 𝑞 and 𝑟 and 0 for 𝑎, 𝑏, 𝑐 and 𝑑 the model 
prediction for corrosion rate at each experiment is calculated and the difference between 
the model result and the experimental result at each experiment is recorded. The sum of 
squares of residuals is: 
𝑆𝑆𝑟𝑒𝑠 =  ∑ (𝑦𝑖 −  𝑓𝑖)
2
𝑖                                                                                                  (5.9) 
Where 𝑦𝑖 is the experimental corrosion rate and 𝑓𝑖 is the predicted corrosion rate. The 
solver toolbox then changes the values of 𝐿, 𝑎,  𝑚,  𝑏,  𝑛,  𝑐,  𝑞,  𝑑 and 𝑟 to minimize the 
magnitude of 𝑆𝑆𝑟𝑒𝑠. This procedure is carried out repeatedly to find the optimized values 
for all the coefficients simultaneously. 
5.3.3. Curve fitting 
In order to utilize curve fitting method for prediction purposes, we need to plot inputs and 
outputs in two dimension. Since the number of inputs (i.e. corrosion product layer, 
temperature, pH and chloride concentration) is not identical to output (i.e. Corrosion 
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Rate), therefore, the initial input function in terms of the 4 input parameters defined. This 
initial function, which is labeled as  Xn,  is expressed by: 
Xn (α, β, γ, λ) = α + β/10 + γ
2 + (γλ + 1)                                                                    (5.10) 
where index of n is the number of experiment, α is normalized corrosion product layer 
parameter, which identified with three discrete values of 1, 10 and 20 that stand for the 
first, second and third series of experiments, respectively. β is the normalized temperature 
parameter in Celsius, which varied between 25 to 75 ◦C, γ is the normalized pH 
parameter, which is varied between 2 to 4 and λ is normalized chloride concentration 
parameters, which is varied between 0 to 20 g/L. Thus, thanks to defined polynomial 
above, input value proportion to corrosion rate calculated and equation (5.11), which is 
defined by curve fitting method, it can be utilized for corrosion rates prediction: 
     CR= -0.006* Xn
 2
 + 0.136* Xn - 0.025                                                                 (5.11) 
Different degrees of polynomial from 2 to 8 were tested to find the best-fitted model. 
With regard to the values of R-square which indicates the closeness of the data to the 
fitted regression line, the best fit was obtained with polynomial of degree two. In this 
case the measured R-squared is 0.78 which is relatively high and so it can be assumed 
that the fitness of the model with the experiments is relatively reasonable. Figure 5.3. 
shows the curve of p (x) in MATLAB®. 
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Figure 5.3. The developed model by curve fitting in MATLAB® 
As displayed in Figure 5.3 the model was not able to fit with measured data in some 
areas, for instance, where the corrosion rates are higher than 1 mm/y. Thus, the model 
cannot be considered as an accurate model and still has weakness in prediction of the 
data.  
5.3.4. Artificial neural networks 
After determining the optimum ANN structure, and prior to the process of training, the 
whole dataset of 36 input-output pairs was randomly divided into the 30 training data set, 
white cell in Table 5.6 and the six validation data set, gray cells in Table. 5.6. Figure 5.4 
and 5.5 demonstrate the measured values of corrosion rates and the values predicted by 
technique for the training and validation data set, respectively. It can be seen that in both 
two data sets a good prediction was achieved.  
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Figure 5.4. The corrosion rate (CR) amount based on measured and predicted by the ANN for the 
training dataset 
 
Figure 5.5. The corrosion rate (CR) amount based on measured and predicted by the ANN for the 
validation data set 
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Detailed error analysis for the training and validation datasets is presented in Table 5.7, 
for corrosion rates. 
Table 5.7. Error analysis for the training and validation datasets 
Error analysis of Training data set Validation data set 
Maximum error 55.5% 11.8% 
Minimum error 0.2% 0.06% 
Average 15.5% 3.5% 
Standard deviation 1.2% 0.2% 
 
It can be concluded from Table 5.7 that the developed model has a low percentage of 
error for both set of training and validation datasets, which indicates the significant 
fitness of the model with the measured data. The small values of standard deviation also 
confirmed the accuracy of the predictive model. 
5.3.5. Comparison of three models  
Three models for prediction of corrosion rate were developed. Models are designed to 
predict the values of corrosion rate in different environmental conditions including 
various corrosion product layers, temperature, pH value and chloride ions concentration. 
In order to investigate the performance of each proposed model, we selected 6 data sets 
(i.e. utilized validation data set for the ANN computation) and their predicted corrosion 
rate by the optimal solution, curve fitting and ANN techniques are reported in Table 5.8. 
Furthermore, amount of the predicted corrosion rate error in reference to measured once 
demonstrated.   
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Table 5.8. Performance of each proposed model for validation data set 
Case CR  
measured 
CR 
Optimal solution 
CR 
curve fitting 
CR 
neural network 
%Error 
Optimal solution 
%Error 
Curve fitting 
%Error 
neural network 
1 0.705 0.2697 0.795 0.7046 61.74 12.76 0.05 
2 0.524 0.8659 0.2748 0.5243 65.25 47.5 0.05 
3 0.476 0.2678 0.4313 0.4402 43.74 8.82 8.13 
4 0.849 0.3977 0.7978 0.8502 0.3977 6.03 0.14 
5 0.498 0.6769 0.3911 0.4453 35.9 21.4 11.83 
6 0.908 0.702 0.320 0.8978 2.7 64.7 1.13 
Average 0.66 0.53 0.50 0.64 34.95 26.86 3.55 
 
As it is indicated in table above, the average of the error for the model developed by 
ANN is significantly low compared to the other two models. 
Deviations from measured results are given in Figure 5.6. Maximal deviation of results 
predicted with optimal solution and curve fitting models compared to measured results is 
0.45 and 0.58 mm/y in absolute terms, obtained in 4th and 6th instance respectively, 
while maximal deviation of results predicted with ANN equals 0.05 mm/y, obtained in 
5th instance.  
Comparison of the deviation of each model from the measured data indicates that the 
model developed by the ANN has the minimum general deviation and is able to predict 
the corrosion rate with the highest accuracy among the other models. 
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Figure 5.6. Analysis of corrosion rate (CR) difference between values obtained with models and 
measured results 
 
5.4. Conclusion 
From the conducted electrochemical measurements on 13% Cr steel and developed 
models, the following conclusions can be made: 
 From the linear polarization resistance measurements, the corrosion rates for 13% 
chromium steels increases with the increase in chloride concentration and 
temperature however, it decreases with increase of pH values. This trend was 
observed in all series of experiments. 
 Moreover from the linear polarization resistance measurements, the highest 
corrosion rates for 13% chromium steels were measured at the third series of 
experiments, in the presence of elemental sulfur at 75 ◦C, while the minimum 
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ones were measured at the first series of experiments, without any initial 
corrosion product layer on the sample surface at 25 ◦C. 
 The fitness between measured and predicted corrosion rates results by curve 
fitting indicates a good correlation between experiments and developed model. 
 The minimum deviation between predicted and measured data was obtained with 
ANN model, which is insignificant, compared to the deviation of the two other 
models from the measured data. 
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATION 
6.1. Summary 
Due to the importance of corrosion on the lifetime of diverse equipment in the oil and gas 
industry, there have been efforts to investigate the effect and role of environmental 
parameters on the corrosion behavior of 4130 molybdenum steel and 13% chromium 
steel. A comprehensive assessment is provided to measure and monitor the corrosion 
process and material performance in different experimental conditions. The evolution of 
electrochemical behavior and main contributions in the area of corrosion assessment of 
alloy steels are investigated in this thesis. The effects of different environmental factors 
on corrosion behavior, the role of various corrosion product layers and analytical 
predictive models have been identified in various experimental conditions. The main 
ideas of the designed experiments include: (i) Electrochemical and microstructural 
analysis of FeS films from an acidic chemical bath at varying temperatures, pH and 
immersion times; (ii) Effect of elemental sulfur and sulfide on the corrosion behavior of 
Cr-Mo low alloy steel for tubing and tubular components in oil and gas industry; (iii) 
Effect of deposited corrosion product layers on electrochemical behavior of conventional 
13% Cr steel exposed to a chloride containing environment, and (iv) Development of 
analytic models for the prediction of corrosion rate of 13% chromium steel exposed to 
different environmental conditions.  
An acidic chemical bath is used to synthesize a thin layer of iron sulfide on the steel 
surface in the absence of H2S in this work which is an experimental approach that will 
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benefit the oil and gas industry in terms of continuously improving corrosion resistance 
of material in a harsh and corrosive environment. Instead of dealing with H2S safety 
issues, the utilization of the proposed technique to synthesize H2S corrosion products 
layer on the steel surface simulates the real field conditions. This research also 
demonstrate the most accurate method for the corrosion modeling. Different analytical 
methods have been applied in order to predict the corrosion rate under various 
experimental conditions. Regarding the validation stage, the most accurate model has 
been identified and introduced for industrial applications. The findings from the 
experimental investigations are expected to highlight the fact that the complexity of data 
could be modeled only by a flexible network which covers all the measured data.  
Finally this research aims to develop a model for the prediction of the internal corrosion 
rate which can also predict the influences of dissolved corrosion products, temperature, 
pH and chloride concentration on the corrosion rate of oil and gas pipelines. 
 
6.2. Conclusion 
The corrosion behavior of two type of steel alloys exposed to sulfide containing 
environment in various experimental condition were investigated. The experimental 
results showed how change of immersion time, pH, temperature, chloride concentration 
can affect the corrosion behavior of steel alloys and their final corrosion rate.  
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The mechanism of steel alloys corrosion in the presence of elemental sulfur was also 
studied in this research. The following conclusions can be obtained from the 
experimental results of each chapter: 
6.2.1. Electrochemical and microstructural analysis of FeS films from acidic 
chemical bath 
Considering the importance of corrosion products on the nature of corrosion behavior and 
the final corrosion rate, there have been efforts to simulate the production and formation 
of H2S corrosion products on the alloy steel, for cases without H2S in the experimental 
environment. Conducting the electrochemical and microstructural investigation of FeS in 
various experimental condition, provides a comprehensive idea how temperature, pH and 
immersion time can control the corrosion procedure.  
Results show an increase of immersion time will affect the corrosion rate by increasing 
the likelihood of localize fracture of corrosion layers during the corrosion process. Also it 
could be concluded that the protective nature and composition of the corrosion products 
greatly depend on the pH of the solution where decreasing pH will gradually increase the 
corrosion rate.  
Increasing the temperature could also accelerate the diffusion of species involved in 
electrochemical reactions and eventually affect the concentration of corrosion species by 
preferentially evaporating one or more species out of the solution, which could affect the 
final corrosion reaction. 
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6.2.2. Effect of elemental sulfur and sulfide on corrosion behavior of Cr-Mo low 
alloy steel 
Regarding the presence of elemental sulfur in sour oil and gas services, numbers of 
experiments were conducted to analyze the electrochemical and microstructural behavior 
of Cr-Mo low alloy steel covered with a thin layer of elemental sulfur. According to the 
microscopic investigation, the texture of corrosion product layers are too porous and 
detached in the presence of elemental sulfur deposition. This fact leads to further 
corrosion of alloys steel due to the penetration of electrolyte solution through the 
microstructure of the steel surface. It was also illustrated that the iron sulfide corrosion 
product layers are more protective and adherent compared to the corrosion product layers 
of elemental sulfur. Results show pH plays the same role in the presence of either 
elemental sulfur or iron sulfide layer. At pH 2, a very thin and open structure layer 
formed, which could not display a protective role against corrosion, however, at pH 5, the 
corrosion product layer was more dense, adherent and protective due to a higher volume 
of precipitated products on the steel surface. 
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6.2.3. Effect of deposited corrosion product layers on electrochemical behavior of 
conventional 13% Cr steel 
The martensitic stainless steels in oil and gas industry are some of the most reliable and 
applicable materials especially in sour service. This characteristic is obtained by the 
addition of a minimum of 11% chromium content to their composition. Various 
experiments were conducted to investigate the corrosion behavior of 13% chromium steel 
where its surface was pre-covered with iron sulfide or elemental sulfur. The results 
describe that elemental sulfur deposition could be more destructive compared to the iron 
sulfide deposition. In the case of iron sulfide deposition, the results prove that there is 
high possibility for the formation of protective corrosion layer on the surface, however, in 
the case of elemental sulfur deposition, this possibility reaches its minimum.  In other 
word, the scaling tendency, the precipitation rate of the scale formed on the steel surface 
divided by the corrosion rate, significantly decreases in the presence of elemental sulfur 
and could not help to form a protective layer on the steel surface. 
It is worth to note, despite the high corrosion resistance of chromium steel, its localized 
corrosion resistance will be affected by the addition of chloride ions to the electrolyte 
solution in high temperature. This fact illustrates the importance of the temperature on the 
process of corrosion product formation and precipitation on chromium steel in sour 
service, especially in the presence of elemental sulfur.  
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6.2.4. Development of analytic models for prediction of corrosion rate of 13% 
chromium steel 
An analytical corrosion prediction model of 13% chromium steel in the presence of 
elemental sulfur and iron sulfide was developed. Three analytical approaches, optimal 
solution, curve fitting and artificial neural network, were examined to determine the most 
accurate method for the corrosion rate prediction in various experimental conditions. 
Regarding the percentage of error in each method, it was concluded that predicted data by 
the neural network has the minimum deviation from measured data among all three 
methods. 
The model is capable of predicting the corrosion rate of iron sulfide and elemental sulfur 
film growth, the change in morphology of the film with respect to pH, temperature and 
salt concentration.  
The model has been successfully validated with a number of carefully controlled 
corrosion experiments under different environmental parameters in elemental sulfur and 
iron sulfide conditions, as well as against experimental data in deposition free conditions. 
 The trends shown for the 13% chromium corrosion predictions agreed well with the 
general understanding of the corrosion process in the presence of elemental sulfur and 
iron sulfide films. 
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6.3. Recommendation 
The present work  investigates the electrochemical and corrosion behavior of alloy steels 
exposed to sulfide containing environment and also develop a corrosion rate prediction 
model in various environmental conditions. This study, however, can be extended further 
as suggested below to address the main limitations of the work, as identified in the 
following sections. 
6.3.1. Electrochemical and microstructural analysis of FeS films from acidic 
chemical bath 
According to this research, the only compound of iron sulfide formed in the acidic 
chemical bath was mackinawite. More investigation needs to be done in order to find out 
the experimental conditions,  acidic chemical baths  for which other compounds of iron 
sulfide will  also form on the steel surface, since each kind of iron sulfide layer can 
significantly affect the corrosion bahviour of a given steel under  environmental 
conditions this  needs to be comprehensively investigated.  
 
6.3.2. Effect of elemental sulfur and sulﬁde on the corrosion behavior of Cr-Mo low 
alloy steel in elevated temperature 
The formation and stability of corrosion products in the presence of elemental sulfur and 
iron sulfide need to be investigated at elevated temperature, especially  over a wider 
range of salt concentrations. According to this paper the trend of deposition and corrosion 
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product formation at elevated temperature is still confusing and there is no certain answer 
about how salt affects the electrochemical behavior of steel alloy in the presence of 
elemental sulfur. 
 
6.3.3. Development of electrochemical investigation of conventional 13% Cr steel 
exposed to chloride containing environment 
Numerous experiments have been conducted to investigate the localized corrosion of 
13% chromium steel in sour systems. They described the effect of environmental factors 
on the corrosion behavior of steel however there are still lingering questions related to 
this topic that should be addressed such as the following questions: 
How would  different H2S concentrations  effect the passivation process of 13% alloy 
steel? 
Does  the surface ratio of elemental sulfur and steel specimen surface affect the corrosion 
behavior? 
How to develop an analytical model to measure the sour corrosion of 13% chromium 
exposed to various environmental conditions.  
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6.3.4. Improvement of analytic models for prediction of corrosion rate of 13% 
chromium steel 
New ideas can be applied to improve the developed model for further investigation. For 
instance, the ANN model can be improved by optimizing the network parameters such as 
number of hidden layers, type of hidden layers and their transfer functions, learning 
algorithms, changing the ratio of training and validation data. Also in order to increase 
the accuracy of the curve fitting and optimal solution models,  conducting more 
experiments and increasing the number of input data for the model is recommended.  
